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Quasi-optical mixers promise to simplify microwave and millime-
ter-wave receiving and remote sensing systems, especially where imaging

of the field of view is desired. Two types of quasi-optical mixers were

<

studfed both experimentally and theoretically. One mixer used a

slot-ring antenna, while the other used a bowtie antenna and an antipar-

allel diode pafr to allow subharmonic local oscillator pumping. Both

mixers are suitable for monolithic q{ntegration at millimetar

wavelengths.

o
-

{f The slot-ring antenna is formed by cutting an annular slot in a
- metallic sheet coated on one side with a dielectric layer. If a simple
‘1 radial electric field distribution in the slot is assumed at the resonant
; frequency of the first-order mode, a Hankel-transform domain analysis
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To allow local oscillator frequencies of one-half the usual val- T e

ue, a broadband bowtie antenna was fabricated on a dielectric substrate

and connected to an antiparallel pair of beam-lead diodes. A simple the-

ory was developed to predict the antenna impedance, and agreed fairly

i

well with previously pubH‘shed data. Pattern measurements of the bowtie

$ antenna were used to calculate mixer conversion loss at 14 GHz, which was w
A found to be 8.6 dB + 2 dB. Finally, an alternate method of specifying |
.’* quasi-optical mixer loss was proposed, fn which the mixer is treated as
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CHAPTER 1: INTRODUCTION

e L. Sua S 8.5

Smaller, lighter, and more efficient: these are the goals that

microwave engineers have strived for since the earliest days of radar

4
4

development during World War II. The solid-state revolution took some

time to reach the microwave industry, but in the last ten years the gal-

A

1ium arsenide field-effect transistor and other solid-state devices have

v Aol

replaced vacuum tubes in many transmitting, as well as all receiving,

Lo,

applications. This progress has allowed orders-of-magnitude reductions

4
-

in microwave system size, weight, and power consumption.
The hope of integrating entire receiver front ends on one semi-
. conductor substrate is being realized in several laboratories, although
large quantities of monolithic microwave integrated circuits have yet to

be made. One component which resists change, however, is the antenna.

FaTTTTTRT R e

g. For a given wavelength, this essential component cannot be made smaller
i without sacrificing some desirable property, such as high forward gain
a or low sidelobe levels.

é One way to retain a given forward gain while shrinking the anten-
T. na is to reduce the wavelength of operation. This approach to minfaturi-
'% zation 1s one factor contributing to recent {increased interest in
4

millimeter-wave technology [1], despite the atmospheric absorption prob-

lems and difficulties with sources that this move to higher frequencies

g' involves.
»
»

I IR -
............
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ADVANTAGES OF QUASI-OPTICS
?‘:‘ 4
5
5 Another advantage which millimeter waves possess is the possi- J
A
o bility of using quasi-optical techniques. Conventional rectangular wav-
eguide shows losses as high as 5 dB/m at 90 GHz, which makes lengthy
?' sections of waveguide unattractive at these frequencies. Properly
™ designed quasi-optical systems, involving free-space transmission and
, 2 optical components such as lenses, reflectors, and polarizers, can often
.;} achieve improved performance compared to a waveguide system [2].
%2
A unique potential of quasi-optical receivers is their ability
:;"": to perform instantaneous imaging of multiple radiation sources. Pres-
o)

ent passive imaging techniques generally involve sequential scanning,

I
N 2%
.nﬂ.‘.

which takes a certain minimum time to perform. On the other hand, a truly

optical imaging system, in which a two- dimensional image is focused upon

P

o
P

an array of sensors or receivers, can distinguish many sources simulta-
neously in less time than 1t takes the scanning system to locate one
,.f-,} source. The requirement in this application fs for an array of millime-
';.f ter-wave detectors or receivers, each of which is small enough to allow

an adequate number of picture elements (pixels) to be concentrated in the

:3: limited focal plane area of a quasi-optical system.
. PRIOR WORK
|

Although quasi-optical techniques have been applied for many

‘A\

!_3._ v

years, there are relatively few references in the l{iterature to mixers

<5}
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having a true quasi-optical input in the form of a free-space wave.

“~

,:ﬁ Clifton [3] described a 600-GHz mixer using a dielectric lens to focus
;::::! energy onto a diode in a reduced-height waveguide. In principle, several
| such waveguides mounted side by side in an array could form a focal-plane
5% imaging system, but the awkward waveguides containing point-contact
z ; diodes would create a nightmarish mechanical assembly.
a The construction of microwave planar mixers on a dielectric
2‘. substrate had to await manufacture of the beam-lead diode. These
i?," mass-produced devices possess much of the ruggedness of conventional
i packaged diodes, but their small size and rediced parasitic impedances
,,'3 makes them competitive with waveguide-mounted chip devices. A good
'-32 example of current quasi-optical mixer work with beam-lead diodes on a
il planar substrate is the device built by Yuan, Paul, and Yen [4] working
. at 140 GHz. It also used a dielectric lens, but instead of a waveguide
§ :.; at the focus, two 1inear slot antennas on a quartz substrate received the
- incoming power. A mixer circuit was fabricated next to the antennas on
3.; the same substrate. Such planar construction is highly suitable for use
:C: in arrays.

SCOPE OF THIS WORK

This study is limited to the examinatfon of two quasi-optical
planar mixer structures suitable for imaging applfcations. In both cas-

es, the work was carried on only to the point at which a single model

structure was shown to work satisfactorily. Before arrays of these mix-

i e M e e u% e o m o~ e o u TS T ATe e
MO AR AR CEAA ST TS
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ers can be built, the individual structures must be scaled down to the
desired wavelength, and mixer-mixer i{nteractions need to be
investigated.

This dissertation 1s divided into two parts, each dealing with
one type of quasi-optical mixer. In Part I, the theoretical and exper-
imental development of a device meeting the requirements for
quasi-optical imaging 1s given. The device itself is a combined receiv-
ing antenna and mixer using an simple planar antenna structure called a
slot-ring antenna. The analysis given will predict the terminal resist-
ance and radfation patterns of the antenna. The predictions will be com-
pared to experimental data which conffrm their essential features. Next
we describe the construction of a functioning mixer whose conversion
loss 1s a respectable 6.5 ¢+ 3 dB.

Part II describes}a mixer whose function is essentially the same
as the mixer of Part 1. They differ in that the mixer of Part II uses a
subharmonic local oscillator, making generation of the required power
for a given input frequency much easier at millimeter wavelengths. A
theoretical development of the bowtie antenna used in Part II adequately
describes {ts behavior, and experiments follow the precedents estab-

JTished ifn Part 1 to determine conversion loss. The best conversion loss

measured for the subharmonic mixer was 8.6 dB £ 2 dB.
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CHAPTER 2: SLOT-RING ANTENNA THEORY

The slot-ring antenna has several characteristics making it especially
suitable for use in a quasi-optical mixer. In this chapter, we will tho-
roughly analyze the slot-ring structure as a radiator of electromagnetic
waves. Three analysis methods will be discussed in order of increasing
complexity. The first technique is based on the dual natur§ of the
slot-ring antenna with respect to the well-studied wire-loop antenna.
This method is useful for obtaining rough estimates of terminal impe-
dance values and approximate radiation patterns. The second approach
treats the antenna as a section of slot 1ine bent into a loop. It is pri-
marily useful for finding the resonant frequency of the first-order
mode. Finally, a full-wave analysis will be presented which gives an
easily evaluated expression for the real part of the input impedance as

well as predictions of radiation patterns which agree well with exper-

" imental data.

SIMPLE METALLIC FORM AND BABINET'S PRINCIPLE

The slot ring structure 1n its simplest form, with no
dielectric, is shown in Fig. 2-1. It is a planar structure formed by
cutting a ring in an otherwise continuous metallic sheet. In this and

211 subsequent theoretical discussions, all flat conductors are assumed
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Fig. 2-1. Metal-only slot-ring antenna.
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: to be lossless and vanishingly thin. The relatively large conducting .
areas provided by the slot ring make this a good assumption for most cas-
7] es. Power is fed to the antenna through terminals which bridge the gap, N
- and the driving-point impedance seen at this point is denoted as Zl. The
?5:: inner and outer radii of the ring are called ry and T respectively.
}1 Without any direct analysis of this structure whatsoever, a

rough idea of its behavior may be obtained through the use of Babinet's
;‘ principle [1] as elaborated by Booker and Kraus [2]. Babinet addressed
H the problem of the 1ight intensity behind an opaque screen of arbitrary
~-, | shape illuminated from one side. It is intuitively obvious that if the
és original screen 1s replaced by its complement (transparent where the
, original screen was opaque and vice versa), the areas illuminated .
through the original screen will not be t1luminated through the second

screen. What Babinet showed was the mathematical fact that the sum of I
two intensities measured at any point behind two complementary screens

_ equals the intensity present with no screen at all, even for gray areas
23 in the diffraction zones of the screen edges.
: | Booker adapted Babinet's analysis to {include polarization

_ effects, and used it to derive an important theorem about the impedances
of planar antennas that are mechanical complements or duals of each
"?3 other. One example using this theorem is 11lustrated in Fig. 2-2, show-
t ing a dipole and a slot antenna of the same dimensions. Booker showed
5? that 1f the 1nput impedance of a dipole made of flat coplanar metal .
ﬁ. strips 1s Z‘, the impedance across the center of a slot of the same
dimensions cut in an infinite metallic sheet is )
2]

R
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Fig. 2-2. Complementary antenna impedances.
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Y
- where Zo is the intrinsic impedance of the medium (376.7 ohms for
vacuum). The analysis requires only that the terminal spacing be much
smaller than a wavelength. This example is merely a specific application
& of the general principle which can be applied to any pair of complementa~
ry planar metallic structures.
: Since the slot ring is formed on an infinite metallic sheet, we
B find that its dual or complementary structure is a loop antenna in which .
; a flat ribbon replaces the customary wire of round cross-section (Fig.
pi .
; 2-3). Booker also asserts that a strip of width B much smaller than a
2 wavelength can be replaced by a round wire of diameter approximately B/2.
;«" By replacing our ribbon conductor with a wire of the proper diameter, we
!
I arrive at a structure extensively studied in the literature: the wire
s Yoop antenna.
o
N The slot ring is most useful for mixer service when operated at a
zf wavelength near one ring circumference. Therefore, to find the approxi-

mate drive-point impedance using Equation 1, we seek the impedance of a

& loop whose perimeter equals one wavelength. Collin and Zucker [3] found

bt that a loop having a perimeter of one wavelength and a ratio of wave-
Tength to wire diameter of about 280 has a real impedance at resonance of .
e 138 ohms. Using Booker's equation, we find that a slot-ring antenna with '
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| a wavelength-to-gap ratio of about 140 should have a radiation resist-

E'“: ance Zr, at resonance, of approximately 257 ohms. The more elaborate .
\: theory developed later and applied to an antenna with a somewhat smaller "
, wavelength-to-gap ratio predicts a resistance of 244 ohms, while the

,,..\ experimentally measured value was 232 +10 ohms.

fp‘\ In addition to the theorem concerning radiation resistance,

‘ . Booker showed that the field patterns of complementary antennas are the

S same if the electric and magnetic fields are interchanged. Like the

": full-wavelength loop, a slot-ring antenna can be expected to radiate

primarily in directions perpendicular to the plane of the loop, with a

a modest antenna gain of a few dB above that of a half-wave dipole.

S; These initial conclusions about the slot-ring antenna encouraged .
. further analysis. The radiation pattern would allow reception in the

desired directions with respect to the plane of a prospective array, and 9
‘::: the impedance level was consistent with the idea of mounting mixer diodes

directly across the slot gap. Diodes mounted this way show small parasi-

2- tic inductance because of the large conductor area at their terminals.

-::, So far, one very practical problem has been overlooked: 1{f the

. supporting metal 1s cut away from the central disc, what holds it up? A

h.?:' practical structure must use some mechanical support for the center, and

::3 a dielectric substrate can provide this support. In addition to support-

f’”‘ ing the central conducting disc, the dielectric can double as the semi-

conductor substrate from which the mixer diodes are formed. The next .
chapter presents two analyses predicting the effects of a dielectric

“'" layer, including enhancement of antenna gain on the dielectric side. )
%
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SLOT RING ANTENNA ON A DIELECTRIC SUBSTRATE

3y, When a dielectric backing is added to the metallic slot antenna,

: the resulting structure §s practical to fabricate by etching techniques j
gé on conductor-coated microwave substrates. The slot-ring structure thus i
éé formed is the dual of the more familiar microstrip ring resonator (see

Fig. 2-4). The microstrip ring is a segment of microstrip bent into a
jEE loop; the slot ring is a segment of slot 1ine bent into a loop. Slot
33 line, first described by Cohn [4], is a planar waveguiding structure in
i;‘ which waves propagate along a slot or gap in a2 metal coating on a dielec-
;g tric slab. It has recently found application in millimeter-wave mixers
% [5].

Like the microstrip resonator, the slot ring structure's reso-
nant modes occur at frequencies for which the ring circumference is an

integral number of guide wavelengths. To use the structure as an

antenna, we excited the first-order azimuthal mode (n=1) by the means

shown in Fig. 2-5. Neglecting the other modes for the moment, the impe-

54 dance seen by the voltage source will be real at resonance, and all the
;f power delivered will be radiated. Three problems arise: (1) how to cal-
7§ culate the resonant frequency; (2) how to determine the ring's radiation
;g pattern; and (3) how to find the input resistance at resonance.

%5 A first-order estimate of the resonant frequency can be derived

>N from the transmission-line equivalent circuit of the slot ring (Fig.
2-6). By placing a magnetic wall across the ring as shown in Fig.

2-6(a), we disturb nothing since the structure {s symmetrical. The wall

......
............

...............
........................
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permits opening the ring at the point diametrically opposite the input
terminals, since no current flows through the wall. This operation
yields the equivalent transmission-1ine circuit shown in Fig. 2-6(b).

If we define the average ring radius Fay t° be the arithmetic

mean of the inner and outer radii ry and Ty the gap width g is P P
At the resonant frequency of the first-order mode, the two 1ines are each

a2 half-wave long electrically. Each 1ine's mechanical length is approxi-

-
7

mately

-l

L= vr.v

Tea a"s e

(2-2)
Knowledge of the mechanical length and the slotline velocity factor
%ﬂ allows calculation of the resonant frequency within about 10%-15% of the
: actual value, even 1f the published tables for straight slot line [6] are
used with the curved line shown in Fig. 2-6(a). The smaller the relative
gap, g/r‘v. the better the estimate will be. For a more precise calcu-
lation of the resonant frequency, recourse can be made to
spectral-domain techniques such as in the paper by Kawano and Tomimuro
ﬁ [7]. Once the resonant frequency is determined for a pa;;1cu1ar applica=-.
\ tion, both the radiation patterns and the radfation resistance may be
! found from the following analysis.
In 1981, Araki and Itoh [8] showed that if the tangential elec~

tric field was known on a cylindrically symmetric planar surface, the

- field could be Hankel-transformed to derive the far-field radiation pat-
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b terns from that surface. In their case, the fields had to be calculated

%? from estimates of the currents on a microstrip patch. In the present I
fgé case, however, a very simple estimate of the electric field in the slot N
.f’ will yield a good evaluation of the antenna patterns and the radiation

gg impedance.

§§ In choosing an estimate of the field, care should be taken to

fJ ensure that the functional form 1{s easy tc Hankel-transform

gﬁ analytically. The estimate chosen 1s this:

E(r) = Ur for (r,, - 9/2) < T < (r,, * 9/2)

§§ Er(r) = 0 otherwise 9
3 (2-4)

e

5 E(r) =0

o ¢

W (2-5)

The motivation for the 1/r dependence will be explained below. This sim-

Pple choice satisfies the boundary condition that the tangential electric

sy 4,7

2878 2t 2P

o4

field be zero on the metallic sheet, and expresses the intuitively rea-

'3

sonable {dea that, for narrow gaps at least, the azimuthal field in the

SN -
B

[N}

[N

gap will be small compared to the radial field.

(e BY 5

The (nzl)th order Hankel transforms of the chosen function are
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. a |
o E(:t) (a) =[Er(r) J(nﬂ)(ur) r dr
0 -

o (2-6)
-'rj where Jn(ar) is the nth-order Bessel function of the first kind, and « is
N

S the Hankel transform variable. Applying this to the chosen estimate, we
et find
3
:
s n ra
& E(t) () =f(1/r) J(nﬂ)(cr) r dr

.Y, r -
¥ i (2-7)
3 - N Ta

‘;‘.‘ ry (2-8)
;, This integral 1is easy to evaluate analytically through recursion
o, relations given in published tables [9]. Assuming that all the fields
-, vary as exp(jne) and using the saddle-point equations given in Reference
2

A [8] and reproduced in Appendix A, we find that the far-field equations
o

;.: for Ee and E‘ are

3
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n j(ne - k.r) A
Eo(r.e,o) = -(k°/2r)°j oe -[Eo(kosino)]
(2-9)
n*l j(n¢ - k r) n
E‘(r,e.o) = +(k°/2r)°j oe . (coso)[Ee(kosine)]
(2-10)

where linear combinations of the Hankel-transformed estimates are used:

E;(kosine) = E?*)(Kosine) - E(_)(kosino)
(2-11)

E.(kosine) = E(+)(k°sine) + E(_)(kosine)
(2-12)
The spherical coordinates r, 6, and ¢ refer to the point at which the
fields are measured, r = 0 being the center of the ring. The quantity ko
is the wavenumber in free space, and n {s the azimuthal order of reso-
n‘ncc being analyzed. In the case of interest, n=1 and w = ¥, the
resonant frequency of the first-order mode.

Equations (2-9) through (2-12) apply to any tangential electric
field in the plane containing the origin of the spherical coordinate sys-
tem (6 = 90°). In order to treat the case of a finite thickness of die-
lectric, the estimated field in the gap s used to find the field on the
far side of the dielectric layer. Then the dielectric-air interface

becomes the new plane containing the known fields. In the
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Hankel-transform domain, this is a relatively easy process. By matching

boundary conditions at the dielectric-metal and dielectric-air inter-

5 faces, the tangential electric field at the latter interface can be

expressed in terms of the Hankel-transformed field within the gap, which

; has already been assumed. The following equations for the

Hankel-transformed fields at the dielectric surface are stated here

without proof. Because of the extensive algebraic manipulation
! required, their derivations are given in Appendix B.

Let us define t to be the thickness of the dielectric layer of

relative dielectric constant €, If we let
a = kosina
F (2-13)

81= kl-al
(2-14)

...........
...............

-----
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e ‘ 22
. “2 = koztr - ol

(2-15)

Bzcos(szt) + J:rﬂlsin(szt)
st1n(32t) - jtrBICOS(ﬂzt)

folo) =

Se .8
BN

v
‘I

(2-16)

»

3

stin(ﬁzt) - jblcos(th)
Bzcos(azt) + Jslsin(th)

L

fh(“) =

A ‘,“Ia “".. .l

Py

(2-17)

then the Hankel-transformed fields at the dielectric-air interface are

given by

g‘;/;.‘ >

SSSUVAN

4.

o f-in.
’

Q"‘.' -l
:-;: A " n
5 Eg(e) = [cos(B,t) + fy(a)esin(Byt)]e[E(,y(a) + E_y(a)]
" (2-18)
¥t " o "
k2 Eo(8) = [cos(Byt) = fy(a)esin(8,0)]+[E(,)(a) = E(_y(a))
) (2-19)
f Substitution of these equations for E.(u) and Eo(c) into Equations 2-11
g' and 2-12 now gives the far-field expresstions for the dielectric-coated
= side of the slot-ring antenna.
g
" It should be noted that this analysis assumes that only the .
'i,; first-order mode 1s excited, and that no higher-order surface waves
arise. The former assumption is justified in the following way. Assum- T
Y
g
"
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ing a parallel equivalent circuit for the various modes, the zero-order
mode and all higher-order modes have very small radiation conductances
compared to that of the first-order mode at its resonant frequency.
Therefore, the other modes draw little current and can be neglected com-
pared to the excitation of the first-order mode. We may assume that no
higher-order surface waves propagate [10] when the dielectric thickness

is less than

(2-20)

Also, the equations assume that the metallic sheet extends to infinity.

Practical antennas always stop short of this, but the effects of a finite

ground plane will appear as inaccuracies in the radiation patterns only
near the plane of the device (8 = 90°).

The third problem to be addressed is the radiation resistance. A

classic method [11] easily yfelds this quantity. The terminal voltage

can be found by integrating the assumed field across the gap:
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r

ivi =ﬁl/r) dr

3% ry (2-21)

FR
oo
= 24
Y
#

V| = ln(ra/ri)
.4 (2-22)

£ The total power radiated from the antenna with this voltage at its termi-

nals is obtained [12] with the aid of Equations (2-9) and (2-10):

P=qz) e [ [ (gl + IE, 1) as

X SPHERE (2-23)
‘_‘Z where n is the intrinsic impedance of free space.

Since the input imnedance Z1 at resonance is purely resistive,

the input power at the terminals equals the radfated power:

2+ (V¥/21y) =P
# ' (2-24)
* N The factor of two in front arises from the fact that the practical anten-
na {s excited from only one point, but the field equations assume excita-
tion of both orthogonal modes in quadrature (cos¢ + jesing). Solving for
Zl, we find
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)

Z1 = [1n(r./r1)]’
P

(2-25)
Care must be taken to use the proper equations for E‘ and Ea on the die-
lectric and metal sides. This completes the analysis of the antenna.
Strictly speaking, the resistance found in Equation (2-25) applies only
at the resonant frequency although it will not vary appreciably for a
small frequency range around resonance. As we shall show, the slot ring
operated at its first-order resonance is a fairly low-Q device so nefther

precise impedance calculations nor exact resonant frequencies are vital

to a serviceable design.
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3 CHAPTER 3: SLOT-RING ANTENNA EXPERIMENTS o
!
: To test the antenna theory just elucidated, we made extensive i
'f impedance and pattern measurements using a number of different slot-ring é
2 structures. The following paragraphs describe the construction and mea- §
T surement of several large scale models as well as pattern measurements :
) made with X-band antennas. The measured impedance values confirmed our é
_; theory, and the patterns were used to determine an antenna gain figure E
‘ used in later mixer calculations. i
3
3 IMPEDANCE MEASUREMENTS -
? Although direct impedance measurements at the X-band mixer fre- d
¢ quency would have been most desirable, the equipment necessary to per-
Ny form such measurements was not available at the time. Since our complex
@ impedance measurement facilities were usable up to only 1 GHz, struc-
E‘ tures for these measurements were built to resonate between 500 MHz and 1
! GHz. To investigate the behavior of the slot-rifng structure with no die-
& lectric, a thin slab of stiff foamed polystyrene plastic was obtained.
{ Since its dielectric constant was about 1.03, negligible error was
r introduced by assuming that the antenna was suspended in afir. A flat
ii framework of copper plates and wires was soldered to the outer conductor -
: of a piece of semirigid coaxial cable, and the entire assembly was made ;

26
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El flush with the slab's surface by carving small channels in it. Upon this [
E\: flat surface we placed a sheet of aluminum foil which formed a good

;1_ ground plane when pressure was applied with another styrofoam sheet. A

) circular hole was cut in the foil to form the outer edge of a slot ring :
’}i when a round copper disc was soldered to the center conductor of the j
%} cable. The edge of the disc formed the inner edge of the slot . By vary-

b ing the diameter of the hole in the foil, the slot width could be

lg adjusted. The impedance data from this structure are gfven in Table I.

:i To observe the effect of a dielectric layer, we replaced one sty-

- rofoam sheet with a sheet of dielectric material having the thickness and

{2 dielectric constant given in Table 1. Making the dielectric-loaded ring

i% approximately half the size of the earlier foam-dielectric ring main-

tained the resonant frequency near the same value.

.
PPPPr N I

3;. The calculated resonant frequencies were found in the following

a3

:j manner. For the foam-dielectric structure, the resonant free-space wav-

;-

’ elength was roughly estimated to be the same as the ring circumference.

§3 The same procedure was followed for the dielectric-slab structure, i
N ‘ Y
2 except that the slot line guide wavelength was estimated from published b
)

' tables [1].

ﬂ A computer program was written to perform the numerical {inte- :
; grations required for the calculated impedance values. This program

= along with explanatory notes fs reproduced in Appendix C. The impedances
‘f, were calculated at the resonant frequencies measured in the laboratory. i
E? The predicted resonant frequencies were lower than the measured 5
4 - ones by 11X for the foam~dielectric rings. This relatively small error !
3 1
. ! q‘
A ;
*

N

pe

1 i

LN AR A R R SR A A T L s s e e
. “w N n, PRI PR M S ) B P e e eyt T e et e L T A Y e . .
bh :' ALY, ‘\ :

...............................
....................



“

AT LT

T o Ca W

= X a3 L

28

A ALAIALRL L

<y

0

e

.0

(R

ZH4 088 = %3 WV »s
ZHi 099 = % W

6°G¢ 02 + 81S ¢ ¥ 288 »»06S 1744 S€9°0 el 20E°E | 8¥0°¢
9°9 oL # 2ge ¢ ¥ 9.9 Y4 14 oL9 == L S6°L L°L
S 0L # G€2 ¢ ¥ §L9 *0¥¢ 009 -- L '8 Lt
(swyo) (2HW) (swyo) (ZHi) (w0) | (3A1Ieiay) |  (wo) | (wo)

0 dJur}s|1say | Aouanbauy dueysysay | Aouanbauy SSauyoyl Juejsuo) | snipey | snipwy
uoiyelpey | uopjerpey | Jueuosay uorjejpey | Jueuosay 49407 | 24432391310 | 49InQ | aduu]

San|eA pauansesdy

san|ep paje|ndie)

SUO|SUBMLQ 34NIINUIS

V1VQ JONVQ3dWI VNNIINV SNIY¥-101S

I 318yl
KPR s INERIIRR  SRARRONS ) WLLIDE NIRRT (CTRAAs b KXARARE. | SYROTINY

P ]

['s

A
v .,
N

ML PR R

£

A i e S s

0]
"
w

.
BN
P

of




.................
..................

29

fﬁk is acceptable for a first-order estimate. The larger 18% error for the
:;é' dielectric-ring resonant frequency may be due to a poor mechanical con-
ég. tact between the dielectric surface and the foil or the copper disc.
- Electrochemical plating or evaporating metal on the surface would have
:% created a superior metal-dielectric contact. Covering such a large area
,é% (30 cm X 30 cm) by these means was impractical, so the foil was held to

the dielectric slab only by the slab's own weight. Perhaps a pneumatic

;Sﬁ or vacuum system for ensuring intimate contact would have been better
éﬁ than the gravity method used.

> Agreement between the measurod and calculated radiation resist-
é; ance values was better than the predictions of resonant frequency. The
Eg calculated value of 240 ohms for the wide ring was validated within
“Y experimental error, and the narrow ring's measured resistance failed to
33. ' encompass the calculated value by only two ohms. Possible laboratory
:é% effects accounting for the disagreement inciude reflections of the test
- signal from the surroundings, since the impedance measurement was not
‘zi performed in an anechoic chamber. A long hall about 3.5 m wide and 3 m
Afj high was found to be an adequate, but not ideal, test area at 600 MHz.

Movement of the antenna within the test area caused barely perceptible
changes in the measured impedance values, so reflected waves were proba-
bly not significant. The dielectric antenna's unexpectedly low measured

radiation resistance can again be accounted for by poor mechanical con-

tact, which lowers the effective dielectric constant of the slab.
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X-BAND RADIATION PATTERN MEASUREMENTS

Since no UHF pattern measurement facilities were available, we
proceeded directly to pattern measurements at the intended frequency of
operation: X-band. Accordingly, approximate dimensions were calculated
for a slot ring that would resonate near 10 GHz. This was a convenient
frequency since since several power sources were available for both sig-
nal and local oscillator use.

First, the microwave substrate material was selected. This
fiberglass-filled plastic had a nominal dielectric constant of 2.23, and
was 0.318 cm thick. A square about 10 cm X 10 cm was cut and a slot ring
was machined in the copper coating. The ring's inner radius was 0.39 cm,
and the outer radius was 0.54 cm.

Once the antenna was made, the problem of feeding it arose.
Although direct coaxial cable feed was used in the UHF impedance measure-
ments, it was felt that the relatively large cable would unduly disturb
the currents near the ring. To approximate more closely the actual con-
ditions of use, it was decided to mount a detector diode across the gap
and use the antenna as a receiver. While it {s true that no absolute
power data could be obtained from the rectified current, this technique
permitted measurement of relative radiation patterns.

The detected DC voltage appeared between the central copper disc
of the antenna and the surrounding ground plane. Experiments showed

that 1ittle disturbance of the measured pattern was caused by removing

the rectified current through a thin wire going from the central disc to
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a terminal at the edge of the ground plane. Another precaution, observed
whenever possible, was to run the wire in a direction perpendicular to
the incoming wave's polarization, so that currents picked up by the wire
and possibly fed to the antenna were minimized.

The arrangement for measuring radiatfon patterns s shown in
Fig. 3-1. To increase the system's dynamic range, the RF source was mod-
ulated at about 1 kHz and the detected voltage across a 1000-ohm load was
monitored with a sensitive wave analyzer having a 100-Hz bandwidth. The
noise floor was more than 35 dB below maximum output of the detector.

Since the low-barrier Schottky detector diode used (Aertech mod-
el A25250) did not have a relfable square-law characteristic over this
range, a constant fnput voltage about 10 dB above the nofse floor was
maintained at the input of the wave analyzer as the antenna was rotated.
This constant leveél was achieved by adjusting the variable attenuator
for a constant detected output. The attenuator readings versus angle of
antenna: rotation then gave a relative radiation pattern directly with no
dependence on the diode characteristics. The limitations of manual
rotation prevented taking data points at intervals closer than 5
degrees.

Plots were taken at 8, 10, and 12 GHz, both co-polarfzed and
cross-polarized, in both the E-plane and the H-plane of the antenna. The
E-plane is the plane perpendicular to the antenna plane containing the
antenna terminals . All plots in this chapter are normalized so that the
maximum value for any given plot is 0 dB. This prevents direct compar-

ison between two different plots. Nevertheless, changes fin pattern
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shape can be distinguished, and for this purpose the E-plane radiation
patterns at 8 through 12 GHz have been combined in Fig. 3-2. The very
smooth, almost circular pattern at 8 GHz shifts gradually to a six-lobed
pattern at 10 GHz, and an even rougher shape at 12 GHz. An effect which
is clearer in the H-plane patterns is noticeable in these as well: as
the frequency rises, the ratio of maximum intensity on the dielectric

side to that on the metal side increases. Most planar antennas having a

dielectric on only one side show this effect. The lower wave impedance

on the dielectric side tends to "pull" currents toward it, increasing the

«

| radiation on that side.

The H-plane patterns (Fig. 3-3) show this current-pulling quite
well. At 8 GHz, the intensfty on opposite sides of the structure differs :
I by only 1 dB, but at 10 GHz, the disparity has grown to 1.5 dB, and at 12 -
. GHz the average difference is about 2.5 dB. Higher dielectric constants

can cause even larger differences. These effects are predicted well by

the theory developed in the last section, as we shall see now.

RS & { SRR

R

In Figs. 3-4 and 3-5, the measured 10 GHz patterns are compared

S
.

to the patterns calculated from the full-wave analysis developed
earlier. The measured H-plane pattern of Fig. 3-4 agrees fairly well
with the theoretical prediction, except near the plane of the antenna.
Since the theory assumes an infinite ground plane, this disagreement is
not surprising, and in fact the measured fields are about 20 dB down at
these angles. The observed difference between the dielectric and metal
side intensities perpendicular to the antenna is slightly less than the i;
y calculated value of 2.2 dB.
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MEASURED

Fig. 3-5. Calculated and measured E-plane patterns of

slot-ring antenna at 10 GHz.
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The theoretical E-plane pattern shown along with the measured
one in Fig. 3-5 requires some explanantion. The apparent discontinui-
ties at 0 = 90° and 270° are due to an ill-behaved term in the
saddle-point equations given earlier. For any nonzero dielectric thick-
ness t, the Ea field goes to zero at 6 = 90°. But if t =0, a term caus-
ing the E-field cancellation at 90° goes to zero, and a finite field at o
= 90°* results. This is physically realizable since Ee is perpendicular
to the conductor, but the non-physical part of the theory arises from the
assumption of an infinite ground plane. The edges of the finite dielec-
tric and ground plane in the laboratory c;se cause diffracted waves that
f111 in the perfect nulls predicted by theory. Again, except for the
region in the plane of the antenna, Fig. 3-5 shows aood agreement between

prediction and measurement.

MILLIMETER-WAVE PATTERN MEASUREMENTS

For completeness, some data taken in the millimeter-wave region
will also be presented. Since no facilities for measuring power above 18
GHz were available at the time, no quantitative mixer data was taken, but
the patterns obtained in this band are of practical interest. To simu-
late a GaAs substrate without incurring the expense of that material, we
used a 300-um sheet of alumina to form a mi1limeter-wave slot-ring anten-
na. The dielectric constant of alumina is not exactly the same as that
of GaAs (9.6 versus about 13) but the effects observed on alumina will be

similar to those encountered with a totally integrated GaAs structure.
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We began the fabrication by forming small rings from 25-um gold
wire. Pressing these rings onto the alumina flattened the wire onto the
surface to form evaporation masks. Vaporized gold was then deposited
onto the substrate, and the rings were removed to reveal annular slots in
the otherwise continuous 0.5 um gold layer. The slot ring we chose to
use was about 700 um in diameter, and had a gap width of about 50 um.
Exact dimensions are given in Table II. Without an intervening chromium
or palladium layer, adhesion of the gold to the smooth alumina substrate
was very poor, but it was possible to mount one beam-lead diode
(Hewlett-Packard type 5082-2264) across the gap without destroying the
gold layer. Contact was made to the central disc by means of a
spring-loaded gold wire made to touch the surface. The resulting antenna
was not mechanically rugged, but proved stable enough to endure radi-
ation pattern tests at 65.2 and 95.5 GHz.

Compared to the patterns at Jlower frequencies, the
millimeter-wave data show even more current-pulling toward the dielec-
tric side. The higher dielectric constant of about 9.6 for alumina also
contributes to this effect. Fig. 3-6 compares the measured H-plane pat-
tern at 65.2 GHz with the function calculated from theory. Since the
substrate itself was a rectangle measuring about four by six wavelengths
at this frequency, it is not surprising that some sidelobes appear in the
measured pattern. Nevertheless the ratio of dielectric side to metal
side radfation is predicted well, as are the nulls in the antenna plane.

The data taken by irradfating the same structure at 95.5 GHz are
plotted in Fig. 3-7. At this frequency, Cohn's straight slot line
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TABLE II

ALUMINA SLOT-RING ANTENNA DATA

Dielectric constant (relative) 9.6
Inner ring radius 0.0325 cm
Outer ring radius 0.0375 cm
Substrate thickness 0.03 cm
Calculated radiation resistance 413 o at 65.2 GHz
Substrate size 2.9 cm high

1.9 cm wide
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Note: Circle at -27 dB indicates measurement limit
below which data was extrapolated.

270°

CALCULATED— — - -
MEASURED

180°

Fig. 3-6. Calculated and measured H-plane patterns of

alumina slot-ring antenna, 65.2 GHz.
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Note: Circle at -17 dB indicates measurement 1imit
below which data was extrapolated.

=~ = —~CALCULATED
MEASURED

Fig. 3-7. Calculated and measured H-plane patterns

of alumina slot-ring antenna, 95.5 GHz.
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equations predict that the ring circumference is about 1.6 guide wave-
lengths, so the pattern can be expected to deviate from the simple
first-order mode shape. As the plot shows, even more minor lobes arise
at this frequency but the tendency for the dielectric side to give a

higher average radiation intensity is still clear.
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CHAPTER 4: MODES AND MODE ORTHOGONALITY

Up to now the discussion of the slot-ring antenna has centered

exclusively on the first-order mode. This mode can actually exist in two g
degenerate, orthogonal forms, as we will now show.

The expressions satisfying Maxwell's equations and the boundary
conditfons for the slot-ring antenna all have one feature in common:

their dependence on the longitudinal variable ¢ is of the form

f(¢) = A cos(ne) + j B sin(n¢)

(4-1) )
where n=0,1,2,3,. . .is the azimuthal order of the resonant mode. The
independence of A and B means that for every n > 0, two independent and
orthogonal modes exist. The electric fields in the slot for the first
three modes are illustrated in Fig. 4-1. Only one mode exists for n=0,
and it 1s circularly symmetric. For all higher n's, the orthogonality of
the sine and cosine functions means that, in principle, one mode may be
excited without exciting the independent mode hav1n§ the same azimuthal
mode number. Modes of the same order are degenerate and have the same
resonant frequency, which increases roughly proportional to n.

The existence of two degenerate, orthogonal first-order modes is

~
«

s very useful property of the slot-ring antenna. It means that two

ALY
S

orthogonally polarized waves can be transmitted or received independent-
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Fig. 4-1. First three modes of the slot-ring antenna.
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ly of each other. For example, a horizontally polarized wave can be
received at one pair of terminals while the same physical structure is
used to receive a vertically polarized signal at another pair. Strictly
speaking, to avoid exciting the n = 0 mode, the feed should be balanced
as shown in Fig. 4-2(a). The voltage Vh is divided into two equal parts
and couples only to the horizontally-polarized wave represented by Ex'
Similarly, the balanced feed arrangement of Vv excites only
vertically-polarized radiation. The n = 0 mode s not excited because
the balanced feed ensures that the central disc as a whole is always at
ground potential.

Using only one terminal pair per polarization, as in Fig.
4-2(b), simplifies the feed problem since it eliminates the necessity
for balanced feeds. Although a single-ended feed excites the zero-order
mode, this mode usually radiates poorly at the resonant frequency of the
first-order mode. Even if zero-mode radiation occurs, symmetry consid-
erations tell us that its radiation pattern must have a null along the

Z-axis (perpendicular to the antenna). We will now show how the config-

uratfon in Fig. 4-2(b) can be used to create a single-balanced mixer.




|
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(a)

/

(b)

Fig. 4-2. Slot-ring antenna feeds: (a) balanced (b) unbalanced.
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:::: CHAPTER S : SLOT-RING MIXER THEORY y
g In this chapter, the area of nonlinear analysis known as mixer .
3 theory will be applied to the slot-ring mixer. Rather than attempting to
‘g predict mixer performance quantitatively, we will use the theory of mix-
R ers as a guide to improving performance criteria such as conversion loss.
;“j By definition, a frequency converter or mixer is a nonlinear
;:5 circuit. Therefore, the powerful tools of linear circuit theory must be
l?: applied with caution when dealing with mixers even though a practical
?ﬁ small-signal model “or a mixer usually can be found. While in a linear
;S circuit analysis only one frequency at a time need be considered, a rig-
. orous mixer analysis must consider more than just the incoming signal ’
;} denoted here as the radio-frequency or RF signal. It must account for
i; the effects produced when the RF signal encounters a continuously vary-
:2 ing impedance changing at the local oscillator frequency rate fLO' In
ﬁ; general, this analysis involves all combinations of fRF' fLO’ and all
’fi harmonics thereof. Fortunately for practical cases, taking only a few of
H the lower harmonics into account can lead to useful results as Held and
E% Kerr have shown [1]. Both conversion loss and equivalent noise temper-
s ature can be predicted. Even though noise temperature is the more sig-

nificant quantity in mixer applications, the following discussfon will
be 1imited to factors affecting conversion loss since noise temperatures

were not measured.
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APPROACHES TO MIXER ANALYSIS

Mixer analysis has been carried on at various levels of sophis~
tication which are distinguished primarily by the complexity of the
diode model used. Although some simple effects can be simulated by a
zero-resistance switch opening and closing at the local oscillator fre-
quency, most recent studies have included time-varying resistance and
even capacitance effects. The basic one-diode mixer can be adequately
simulated by the equivalent circuit in Fig. 5-1, regardless of the model.

The RF signal source is represented in this model by VRF in
series with a source impedance Zs. In the mixer to be studied, Zs is the
terminal impedance of the antenna, and VRF is proportional to the product
of anterna gain in the direction of the incoming wave and the intensity
of that wave. The input and output circuits serve to separate the inter-
mediate-frequency (IF) signal from the RF signal, and to present the
proper impedances to the diode. Note that the LO voltage appears nowhere
in this model. Since its only function is to cause a periodic variation
in the instantaneous impedance of the diode, 1t does not appear explicit-
1y in Fig. 5-1. Since the LO voltage moves the parameters of the mixer
back and forth 11ke a child pumping a swing, the local oscillator voltage
is sometimes called the pump voltage. The IF signal appears as a voltage
VIF across an IF load impedance Z,. Both the RF and IF voltages are
assumed to be purely sinusoidal.

Suppose the maximum power available from the RF source fs

defined as PRF' This source 1s connected to a mixer whose power avail-
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able to the IF load is denoted PIF' The conversion loss L of a mixer so

defined is

L= Poe/Pre
(5-1)

Expressed in decibels,

Lgg = 10 log,, (L)

(5-2)
Low conversion loss is normally associated with low noise temperature,
so a lower Lo generally means better mixer performance. To measure con-
version loss experimentally, one must know both the power delivered to
the IF load and the power available from the RF source. The IF power is
usually easy to measure directly, but the direct measurement of RF input
power may present problems, especially in the case of physically small
antennas with terminals only a millimeter or so apart. These small
dimensions often frustrate attempts to attach measuring equipment, and
indirect means must be used to determine available input power. These

means will be discussed later in detail.
A1l useful mixer diode models have at least one thing in common:
one or more components whose parameters change periodically at the fLo
frequency rate. Fig. 5-2(a) shows the simplest diode model: an {deal

switch that turns on and off in step with the LO voltage. This oversim-
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Fig. 5-2. Three diode models useful in mixer analysis:
(a) 1deal switch;
(b) time-varying resistance;

"(c) time-varying resistance and capacitance .
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plified circuit fails to account for internal diode losses and parasitic
reactances. In Fig. 5-2(b) we find a model which Saleh [2] used to
obtain results accounting for nonzero losses within the diode. Finally,
quite realistic modeling is provided by the circuit in Fig. 5-2(c), used
by Held and Kerr to simulate an actual 100 GHz mixer circuit
successfully. In addition to the time-varying junction resistance Rd(t)
and capacitance Cd(t), the parasitic spreading resistance Rs is
included. This undesirable constant resistance dissipates power that
could otherwise become useful IF output power. Its effects are relative-
1y easy to calculate but hard to eliminate. Parasitic irductance normal-
ly assocfated with the diode package is not shown in this chip-level
equivilent circuit.

The impedance presented to the diode by the parallel combination
of the input and outpuf circuits is called the embedding impedance. A
rule of thumb states that the embedding impedance should conjugately
match the diode impedance at the RF fnput and IF output frequencies for
minimum conversion loss although even this simple criterion does not
hold universally. Because of the harmonics generated in the nonlinear
diode, the value of the embedding impedance at these harmonics {s of cri-
tical importance to mixer operation as we show in the following simple
example.

Consider an ideal diode connected across a voltage source VLO:
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VLO =V cos(aLot)

(5-3)
When we use the idealized Id--Vd relation
= qV/kT _
Id Is (e 1)
(5-4)
and expand the exponential term, the resulting diode current is
I,=1, 2_1 (1/n1)*[(qV/KT)scosw ot] "
" (5-5)

The nth term in the infinite series has a component which is the nth har-
monic of the local oscillator frequeacy 0 In a practical circuit such
as Fig. 5-1, these harmonic currents flowing through the input and output
circuits create harmonic voltages which are functions of the embedding
impedance at the respective harmonic frequency. When the input signal
voltage 1s added to the situation, sums and differences tnfRF tmeo (~» <
integers n.m < +=) become significant and further complicate the
picture. It is easy to see why the embedding impedance must be known
over a very wide range of frequencies before it is even theoretically
possible to predict .aixer performance. Such impedance data covering

many octaves is very difficult to obtain even when large scale models of

mixer circuits are measured at lower frequencies. Because of these prob-
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lems, it was decided that rather than attempting to predict the conver-
sfon loss of the mixer under study, mixer theory would be used qualita-

tively to guide certain design choices.

MIXER USING THE SLOT-RING ANTENNA

The simplest kind of mixer that can be made using a slot-ring
antenna is the single-diode version shown in Fig. 5-3. Pump power is
furnished to the diode by means of a local oscillator field ELo irradiat-
ing the structure with the polarization shown. The input signal wave,
represented by ERF’ arrives at the antenna with a polarization perpen-
dicular to that of the local osci”‘ator wave. Ti.is orientation increases
the desirable isolation between the local oscillator and the RF input.
Either the dielectric side of the antenna or the metal side may be used
for either wave, but maximum gain results if the RF input {lluminates
the dielectric side.

The equivalent circuit of this simple mixer is shown in Fig. 5-4.
The components of the RF and LO electric field vectors parallel to the
diode produce voltages VRF and VLo proportional to their respective
intensities. These voltages appear in serfes with each other and with a
radiation resistance Rrad(“)' which is a function of frequency. The
transmissfon lines above and below the diode represent the reactive part
of the antenna's impedance which is well-modelled by these elements.

Assuming VLO >> vRF‘ the diode's instantaneous impedance changes

periodically at the local oscillator frequency rate. A portion of the RF
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Fig. 5-3. Single-diode slot-ring mixer.
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input power is converted to a much lower IF frequency, and appears across
the IF load resistance Zl.

The following factors are especially important in designing the
mixer to give an’acceptab1y low conversion loss:

(a) RF and LO source impedance

(b) Diode characteristics

(c) IF load impedance

(d) Embedding impedance at harmonics

Each factor will now be discussed in turn.

(a) RF and LO source impedance

Because the antenna is a relatively low-Q device, its radiation
impedance changes rather slowly with frequency. This mear. that if fIF
is less than 10X of fRF' the impedance seen by the diode at the RF and LO
frequencies will be roughly the same. The correct antenna diameter will
ensure that this impedance will be substantially real, and in the neigh-
borhood of 200-300 ohms for practical gap dimensions formed on
low-dielectric-constant substrates. As long as the gap is less than ~20%
of the ring diameter, its width has relatively 1ittle effect on the radi-
ation resistance, although higher dielectric constants and thicker subs-
trates lead to a resistance in the 500-600 ohm regfon.

For efficient diode pumping the antenna impedance should be the
complex conjugate of the large-signal diode impedance at the pump fre-
quency. The object of pumping is to vary the dynamic resistance as much

as possible for a given LO power intensity. Maximum power transfer to

the diode achieves this goal. It {s here that the extreme simplicity of
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the slot-ring antenna works as a drawback. A coaxial transmission line

%} mixer can be tuned by series or shunt stubs for a good match to the
£3 1]

diode. Adding such an {impedance-matching network to the slot-ring
antenna might be feasible, but in the absence of precise large-signal
diode impedance data it was decided that such techniques would be a need-
less complication in a first attempt. Accordingly, whatever mismatch
was present between the antenna terminal impedance and the mixer diode
was accepted as inherent in the structure. Later we discuss the tech-

nique of using a reflecting polarization grid behind the antenna, which

can be viewed as a form of impedance-matching adjustment.

The same lack of tuning adjustments affects the RF impedance

matching problem as well. At a given LO drive level, there exists a cer-

tain RF source impedance which will give lowest coaversion loss. Again,

_ . the approach taken was to design for an approximately real impedance of

about 200 ohms to be presented to the mixer diode, and this choice did in

fact give an acceptably low conversion loss figure.

(b) Diode Characteristics

An ideal exponential diode follows the Id-Vd relationship given
in Equation (5-4) above. A real diode can be modelled as an ideal diode
embedded in an R-C circuft, as shown in Fig. 5-5. The junction capaci-
tance CJ is unavoidable since it 1s a consequence of the way a semicon-
ductor diode works. Its susceptance could be tuned out by a shunt
inductance were it not for the presence of the spreading resistance Rs'
This series resistance arising from the finite conductivity of the semi~

conductor itself dissipates power whenever current flows through {it.
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t
. Both RF and IF currents must pass through Rs in a mixer circuit, so it
i‘ can cause substantial losses of both incoming RF power and outgoing IF
% power,
- Held and Kerr [3] have quantified this problem by separating the
~3 overall conversion loss of a mixer into three loss components:
:3?
: L=KL'K
_ﬁ R iy
2 | (5-6)
- where L' is the conversion loss of the intrinsic mixer with no series
E resistance, Ko is the loss in the series resistance at fIF' and K1 is the
N series resistance loss at fRF‘ Let Zs and Z] be the RF source and IF load
y impedances, respectively. In general, the series resistance is a func-
1. tion of frequency Rs(f). Held and Kerr showed that K° and Kl were given
by:
A
3
N
- ‘ = Re[Z, + R.(f;p)]
- ° Re[Z,]
: (5-7) :
E and ﬁ
7 2
;. .
‘i Re[Z,] 3
- (5-8) -
. \
2 s
x p
y M
.h -
\ o
* -
i ’
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B

Obviously, the higher the series resistance at the RF and IF frequencies,

the higher the loss. Diodes with both high and low values of Rs were

tested in the mixer to be described. The change in Rs contributed to an .
11 dB improvement in conversion loss.
When the series resistance is nonzero, a cutoff freguency fco

can be defined for the diode:

feo = 1/(21RSCJ)

(5-9)

b Above this frequency the junction capacitance has such a low reactance
that most of the available input voltage appears across Rs and is dissi-
pated uselessly. Long before this condition {s reached, however, mixer
performance has begun to degrade. For this reason, low junction capaci-
tance ranks with low series resistance as an important parameter in mixer
diodes. The series inductance and shunt capacitance of the diode's
mounting enclosure, called package parasitics, can also have detrimental
effects, but the diodes used in these experiments had sufficiently low
parasitics at X-band that no special precaution was taken to compensate

for them.

(c) IF circuitry
The relatively low IF frequency allows more flexibility in the
;j design of the network which couples the desired IF output to a load impe-

dance. A lowpass filter 1s usually provided at the diode to present a .

reactive impedance at fRF and fLo' preventing loss of energy to the out-
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put circuit. The exact nature of the lowpass filter is determined by the

e

! desired IF bandwidth, which can extend from 0 to 10 GHz or more in milli-
% meter-wave mixers. Design of such filters is compiicated by the diode's
impedance change with frequency although for narrow IF bandwidths this

effect is insignificant. A conjugate match to ihe diode's IF impedance

Pa.2 2

is the goal here, and 1inear circuit theory can be used with confidence.
The mixer built in the course of these experiments was designed
k for a single-frequency IF of 10 MHz, permitting the use of a simple
lumped-element matching network, with no concern for broadband response.
Designs for broader IF bandwidths will need more sophisticated IF circu-

itry, but such networks are entirely conventional at this time and will

I Nt . S

not be discussed further.

(d) Embedding impedance at harmonics

In the absence of extensive measurements, nothing can be said

N

with certainty about the exact nature of the slot-ring antenna terminal
impedance at frequencies much above the first-order mode resonance. To
the extent that the transmission-1ine model of Fig. 5-4 holds at higher
% frequencies, one would expect a series of alternating poles and zeroes at
\ the resonances of the higher-order modes. These resonances are not
related by the simple integer factors of the TEM transmission 1ine case
since slot l1ine is a-dispersive waveguiding structure.

It 1s fairly safe to assume that the embedding impedance is pri-

marily reactive because the higher-order resonances show progressively
higher radfation Q's as Kawano and Tomimuro showed both experimentally

and theoretically [4]. This is good since Saleh showed [5] that mixers
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whose harmonics are terminated in a reactive load are capable of lower
conversion loss than those which have a broadband resistive termination.
For extremely high frequencies at which the gap fs an appreciable frac- <
tion of a wavelength the terﬁinal 1mpedahce will again show a substantial
real part. In practical mixers this region is ten to tﬁenty times the

operating frequency, and diode imperfections will dominate the loss

mechanism long before then.
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CHAPTER 6: SLOT RING MIXER EXPERIMENTS

In this section, the indirect technique chosen for measuring
conversion loss is described. This technique was used in the experiments
described which determined conversion loss of the isolated structure.
Discussion of quasi-optical techniques which enhance mixer performance

are deferred to Chapter 7.

CONVERSION LOSS MEASUREMENT TECHNIQUE

We begin with the definition of mixer conversion loss from
Equation (5-1). As mentioned earlier, the output power PIF is easy to
measure since it requires no alteration of the mixer. This output power
can be measured directly by inserting a power meter at point B in Fig.
6-1(a), or point C in Fig. 6-1(b). A conventional mixer can be treated
as a two-port device allowing the RF power available at the input port to
be determined by direct measurement at point A in Fig. 6-1(a).

In the case of a quasi-optical mixer, however, this method
fails. An antenna does not have a clearly defined input port in the sense
of a single traveling-wave mode whose magnitude {s characterized by a
scalar electric or magnetic field amplitude. Instead, 1ts input is a
wave which propagates in the general direction of the antenna but whose

exact description and direction 1s unknown. To simplify the problem we
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N
will assume the incoming radiation to be a plane wave whose direction of
*; travel 1s coincident with the antenna's direction of maximum response. ‘
2"“ For an idea) slot-ring antenna this direction is the Z-axis perpendic- .
‘ y ular to the dielectric side of the antenna. A perfectly plane wave is a
‘:: mathematical abstraction requiring infinite power, but it does have a
:i:, well-defined intensity measured in power per unit area. In Fig. 6-1(b),
) this finiensity 1s denoted by IRF’ and it is defined at plane P, the
;i antenna location.
I', Establishing an approximate plane wave over a limited regfon in
' the laboratory 1s a simple matter. If D denotes th2 largest dimension of
—3: the transmitting antenna's aperture and )\ {s the free-space wavelength,
! the region known as the far field of the antenna begins at a distance |
20%/). Beyond this point. negligible error {s caused by assuming the
‘ diverging spherical wave front is planar. !
‘.; The ratio of the power Pmax available at a lossless antenna's
terminals to the incoming wave's radiation intensity IRF is called the
i:‘ maximum effective aperture Aem’
% ::
€3
' Aem = Pumax/IRF
i{‘ (6-1)
: If IRF and A.. can be determined, the available output power me can be
2 found by means of Equation (6-1). Once me is found by this indirect Q
*‘2 method, the conversion loss of the diode and assoctated circuitry can be
ﬂ found using the same method that was applied to the conventional mixer in ‘
,:‘

- A ".}'.';‘..'v\‘_'v'g.\-. R
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(b) quasi-optical mixers.
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Fig. 6-1(a).

;, The definition of maximum effective aperture Aem assumes there ’
:'j are no losses in the antenna materials and that the antenna drives a con- )
N Jjugately matched load impedance. The quantity Aem is related to the

'-‘5: directivity D by the effective aperture of an isotropic source:

" _
i3 A, = (32/81)eD

(6-2)

H

- Kraus defines directivity in a given direction to be the ratio of radi-

gf ation intensity Uc| in that direction to the average intensity UO:

X
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(]

, D= Ud/ uo .
b (6-3)

If the equivalent intensity at unit distance is defined to be a function
of angular position U(¢,0) then the total power W radiated fs found by

integrating this function over the unit sphere:

‘- v=f[ue.n) @

z SPHERE (6-4)
From this total power, average intensity U  on the sphere can be found by

% dividing the total power by the area of the unit sphere:

&« ‘
7
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Uo = W/éx

(6-5)
Therefore, by measuring only the relative radiation intensity function
U(¢,8) we can find the maximum effective aperture from Equations (6-2),

(6-3), (6-4), and (6-5):

Aem = (x’Ud)/N

| (6-6)
In practice, the measurement of intensity can be performed at any dis-
tance in the far field, since the 1/r? term will appear in both numerator
and denomfnator of Equation (6-6).

Spherical integration of a power pattern can only be approxi-
mated in the laboratory since in principle the intensity at each infini-
tesimal solid angle must be measured. With a single-axis antenna
positioner this would require an infinite set of polar patterns. Fortu-
nately symmetries of the slot-ring antenna reduce the number of patterns
required to only two: namely, the E-plane and H-plane patterns already
discussed. The following discussion shows why this is so.

In the full-wave analysis in the appendices 1t 1s shown that the
far-field radiation pattern functions for the first-order mode are sepa-

rable into functions of r, 6, and ¢:
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Eg(r.0,0) = (1/r)eed(® = Ke7) op (g)

(6-7)
E,(r.8,0) = (1/r)eed(® = o) o (o)

(6-8)

At a fixed distance r, the problem reduces to that of finding the sepa-
rate functions F‘ and Fe. The double integration of a separable function
reduces to two single integrals. Since in our case F (¢) is the har-
monic function exp(je¢), 1ts integration is simple. The remaining inte-
gral with respect to 6 was performed numerically using the functions
Fe(e) and F‘(e) obtained from the pattern measurements. The
cross-polarized intensities were low enough to contribute an insignif-
fcant amount to the integral and were therefore neglected. The resulting
maximum directivity on the dielectric side of the antenna was thus found
to be 5.5 dB. As mentioned earlier, this directivity will be numerically
equal to antenna gain only for & lossless, perfectly matched structure.
Actual antenna gain will always be less than this maximum since gatn {s
related to directivity by antenna efficiency, which {s always less than
unity. The method we use here to measure conversion loss combines anten-
na losses and mismatches with the mixer circuit losses to give one over-

all figure for the complete system.
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i CONVERSION LOSS EXPERIMENTS
t‘.
R
P. Once antenna patterns were obvained we constructed a
Z
single-balanced mixer using two Aertech A25250 diodes. By feeding
; out-of-phase RF voltages to two single-diode mixers in parallel and "
‘3 reversing the polarity of one diode, the IF outputs add in phase. This
| balanced mode of operation cancels any incidental amplitude modulation
1 on the local oscillator signal in addition to reducing certain other spu-
N
X rious responses. The basic operation of the mixer in a balanced, polari-
. zation-duplexed mode is {illustrated in Fig. 6-2. In the figure the RF
4 signal arrives as a horizontally polarized plane wave incident perpen-
dicular to the antenna, on the dielectric side. The LO signal is verti-
cally polarized, and can arrive from efther side of the structure. The
i .
3 vectors ERF and ELO show the electric fields on the antenna plane. By
&
. resolving each vector into two perpendicular components, it is easy for
one to see that mixer diode D1 receives (VLO - VRF)/V‘Z, while D2 receives
! (VLO + VRF)NZ' In effect, each diode has its own independent mixer cir-
.'_': cdit. with the IF outputs added in parallel. The IF signal appears as a
. voltage between the central metal disc and the surrounding ground plane,
and {s removed through an RF choke. A double-balanced mixer with
‘ improved isolation between ports can be made by adding two additional
" diodes D3 and D4, as indicated.
. The center conductor of the coaxial IF cable contacts the cen- X
k | ) ’
E‘Z tral disc directly. This connection was made to simulate an RF choke by
L
° terminating the far end of the cable with an adjustable reactive termi-
N .
>
T L S T S S R
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Fig. 6-2.

Two-dfode balanced slot-ring mixer

showing diode input voltages.
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nation, specifically a coax-to-waveguide transition facing a sliding
short. Proper placement of the short caused a current node to appear at
the end of the cable connected to the disc. This adjustment simulated a
high-impedance choke at the RF frequency. Although this technique
seemed to work fairly well, it was replaced in later experiments with a
conventional choke at the antenna {tself.

Fig. 6-3 shows the apparatus used in determining conversion
loss. A coaxial bypass capacitor at the coax-to-waveguide transition
passed the 10 MHz IF signal without disturbing the microwave energy, to
which the bypass capacitor appeared as a short to the waveguide wall.
The capacitor's 260 pF was included in the fnput side of a 10 MHz
pi-network matching circuit diagrammed in Fig. 6-4. This network could
be adjusted to transform real impedances of 100 to 500 ohms to the 50-ohm
level required by the spectrum analyzer IF load.

To create a known field strength at the RF frequency, we directed
the output of a Gunn-diode oscillator through an isolator and attenuator
to a high-gain horn. To measure the radiation intensity from this
so.urce. the mixer under test was momentarily replaced by another horn of
known gain and the received RF power measured. Dividing this power by
the effective aperture of the receiving horn gave the radiation intensi-
ty at the mixer location directly. The distance R1 between the RF horn
and the mixer was 183 cm, well into the far field.

Providing enough local oscillator power to a quasi-optical mixer
without unduly disturbing the mixer's radiation pattern requires a com-

promise. The local oscillator energy in this test came from a horn
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mounted directly behind the mixer that 11luminated the metal side. Since

(39

“,’_Z_ the mixer ground plane was relatively small and some incoming RF radi-
?3 ation penetrated through the antenna slot, a substantial RF field was _
ha present behind the mixer. If the LO feed horn was brought too close,
reflected RF power caused an oscillation in the IF output power as the
‘:4 reflected wave added first in and then out of phase with the fncident

wave. This effect decreased with increased R2 while too large a distance
lowered the available LO power below the optimum value and conversion

loss increased rapidly. A compromise distance of R2 = 25 cm allowed suf-

WPl N o W

g\ TR SR

ficient LO drive without altering the free-space raaiation pattern of

f the antenna excessively.

~_” Once the LO power was applied, its frequency was adjusted to pro- ]
¥ duce an IF of 10 MHz. The IF output power was measured with a spectrum

2’5 analyzer calibrated with the same power meter used for the RF power meas- -
f.:*' urements. Using the same instrument for both RF and IF power measure-

A ments ensured that the critical power ratio yielding the conversion loss

"':: depended only on the accuracy of the meter's relative calibration and not

: upon the absolute accuracy of two different instruments.

’ Initial results were somewhat discouraging. The calculations

;" involved in finding the conversion 1oss are shown in Table III. The fig-

2;}. ures are averages taken from two trials. The conversion loss of 17.4 ¢

l‘rb' 2.1 dB was much higher than the 5 to 7 dB typical of commercial practice.

1:,., The reason for this high 1oss was found to be the excessively high series ]
resistance of the Aertech diodes used.

f-,” Modern microwave diodes can be optimized for a certain type of 1
h:’{'f{
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4 TABLE III
\ SLOT-RING MIXER CONVERSION LOSS
: CALCULATIONS
Average of Estimated
Two Trials Error

. RF power received at Horn #2 = -22.6 dBm + 0.3 dB
3
-(Horn #2 gain over slot ring = 14.5dB) = 1.5 dB
}1 = Ppp available from slot ring = -37.1 dm + 1.8 d8
- Pep 2vailable from slot ring = -37.1 dBm ¢ 1.8 dB
-(P"_. measured at mixer output = -54.5 dBm) + 0.3 dB
§ = LdB with Aertech diodes = 17.4 dB + 2.1 dB

R
3 Lgg With Aertech diodes = 17.4d8  :2.1d8 -]
. -(Improvement obtained by i
¥ >
¥ substituting NEC diodes = 10.9d8) :1.0d8 g
v :
= Lyg With NEC diodes = 6.5d8 : 3.1dB
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i, service. The demands made on a detector diode in many ways run counter
i: to the requirements for a good mixer diode. Especially if 1t 1s to work
EE without DC bias, a detector diode must have a very large dynamic resist-
" ance at small RF signal levels to produce a high output voltage for a
Ai given detected current. Detector diodes typically drive low-frequency
ég amplifiers with input {impedances exceeding 100 kilohms so low series

resistance is not an important quality. On the other hand, mixer cir-

A RALURTA o
el e B B Bunit w

cuits require the series resistance to be as low as possible for best
conversion loss.
A curve tracer test showed that the DC series resistance of the

Aertech diodes was about 350 ohms. If we assume typical values of RF

LRRALEE
~ % R R WS .

source &nd IF load impedances of 200 ohms, Equations (5-7) and (5-8) tell

#

us the added loss due to this series resistance is about 9 dB. This is a
minimum figure since skin effects and other factors tend to make the f
microwave series resistance higher than the value measured at low fre-
quencies.

After the initial experiment was completed, some NEC type ND4141

diodes were obtained. They were designed expressly for mixer service,

QARKAAL > SN IIN,

and their measured series resistance was 12 ohms. The same setup was

arranged as in Fig. 6-2, except that the test area was an enclosed labo-

n x
etotatalsla

s

ratory room about 5 m X 7 m, instead of the long, empty hall used ori-
ginally. In the initfal test, the hall acted as an anechoic chamber for
q the small volume occupfed by the mixer. In the test about to be

described, all that was required was a ratio between the mixer conversion

Tosses using Aertech and NEC diodes so the exact nature of the local
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field was not important as long as it remained the same during the test.
An IF output was obtained from the mixer using Aertech diodes,

and its relative level noted. Then, disturbing nothing else, we replaced

the Aertech diodes with NEC units, remounted the mixer, and measured the

IF output again. It had increased by 10.9 £+ 1 dB. Subtracting this fig-

. ." D g
PRI I PSSl

ure from the first measured conversion loss of 17.4 dB gives a figure for e
the NEC diodes of 6.5 £ 3.1 dB, which was the best conversfon loss
obtained. This loss is quite comparable to those encountered in conven-

tional mixers, and shows the practical feasibility of this type of mixer.

Y G0
BB DS A

n
:
r




FE A v

WL o g,

o ik

2N

CHAPTER 7: SLOT-RING MIXER AND POLARIZING FILTERS

Heretofore, the slot-ring mixer has been studied in isolation as
it interacts with plane waves. By adding quasi-optical elements such as
polarizing filters, we can enhance the performance of the mixer by
increasing the foryard gain of the antenna in the RF direction, and by
reducing the LO power leakage into the RF region. Experiments verifying
these effects will now be detailed beginning with the design of the

polarizing filters.

POLARIZATION FILTER DESIGN

The history of polarizing filters in electromagnetics goes back
to Hertz, who used grids of unidirectional parallel wires to demonstrate
the similarity between polarized radio waves and polarized 1light.
Although rather tedious to build now that photolithographic etching is
possible, a wire grid is still an effective means of reflecting 1inearly
polarized waves whose electric vector is parallel to the wires. If the
wires are thin enough compared to the spaces between them, waves polar-
1zed perpendicular to the wires pass through the grid with virtually no
attenuation.

The wire grid received considerable theoretical study before

1900, and Lamb [1] was one of the first to originate an expression for

80
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the power reflection coefficient of such a grid. He assumed that the
distance d between adjacent wires was much smaller than a wavelength
which 1s a reasonable assumption if diffraction effects are to be
avoided. He then applied conformal mapping techniques to the resulting
electrostatic problem and derived this expression 'for the power

reflection coefficient rp for parallel-polarized waves:

1
P 1 + [(2d/2)*1n(d/2va)]*

(7-1)
where a 1s the radius of the wires in the grid. A good polarizer will
have an rp approaching unity. If there are no losses in the wires and no
scattering in other directions, conservation of power tells us that the

power transmission coefficient tp is:

tp =]l-r

(7-2)

If the wire spacing 1s too large with respect to either the wavelength or

the wire radius, the squared term in Equation (7-1) exceeds unity and the

filter becomes ineffective. The logarithmic term allows fairly small
wire to be used without compromising performance.

Basing the design on these factors, we constructed a pair of

polarizing filters. Fig. 7-1 shows how a framework was made from two
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Fig. 7-1. Polarizing filter for use at X-band.
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XA

threaded rods and two sections of extruded aluminum channel stock. A wire

was fixed to the end of one rod and wound around the outer side of both

rods in an elongated spiral pattern. Alternate threads were skipped to
produce a wire-to-wire spacing of 2.54 mm. This method of winding the
wire on each frame produced two grids separated by the rod diameter of
6.35 mm.

Using Equations (7-1), (7-2), and the dimensions given in Fig.
7-1, we find that a single grid should attenuate a parallel-polarized
pléne wave by about 20 dB at i0 GHz. To ﬁedsure the attenuation exper-
imentally, one of the double-grid frameworks was interposed botween two
co-polarized horns facing each other. The horn gain and spacing to the
polarizing screen was such that the screen intercepted most of the
main-lobe power. The increase {n the space loss between the horns when
the screen was inserted was about 30 dB which {s somewhat less than dou-
ble the single-screen calculated attenuation of 20 dB. Since the two
screens are less than a quarter-wave apart, coupling between the two
screens probably reduced the attenuation below 40 dB. A 30-dB atten-
uition of the undesired polarization along with an unmeasureably small
attenuation to waves polarized perpendicular to the wires was judged to

be satisfactory performance for the quasi-optical experiments to follow.

FRONT POLARIZATION FILTER

Severa) advantageous effects can be achieved by placing a polar-

izing filter in front of the mixer's dielectric side between it and the
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source of RF energy. The most significant effect is an increase in the
LO-RF tsolation of the mixer system.

In a conventional mixer an important practical figure of merit
is the LO-RF isolation which is expressed as the ratio of LO power emerg-
ing from the RF port, to the LO power available at the LO port. Poor iso-
lation allows substantial LO power to travel back along the RF path where
its presence may not be desired. This is especially true with electronic
intelligence receivers where emission of signals can alert the enemy
that he is being spied upon. A less dramatic but more common reason to
achieve high LO-RF isolation is to prevent radfation of LO power to other
receivers in a large system where it can cause interference with desired
signals.

The LO-RF isolation figure of a quasi-optical mixer is difficult
to define for the now familiar reason that no single-mode ports are
avaflable at which the ratio of two unique voltages can be determined.
In the absence of a better definition, then, let us describe an exper-
iment that gives a ratio Iq analogous to the LO-RF 1solation of a conven-
tional mixer. At a distance R from the mixer, suppose we measure the
power density of LO radiation leaking around it from the LO source. Call
this intensity 11. If we now remove the mixer structure but leave the LO
source in position, the LO power density at R will rise to a reference

level Iz. We then define Iq to be
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Iq = 1,/14
(7-3)
In this way, the distance between the mixer and the measuring point is
made to cancel, and Iq is essentially the degree to which the mixer
structure shields the LO feed radiation from the RF region.

The polarization duplexing of the slot-ring mixer presents a
further complication. Assume that, as in Fig. 7-2, the RF wave is hor-
izontally polarized and the LO wave is vertically polarized. Even with-
out any polarization filters, the symmetry of the system insures that
there will be no horizontally-polarized LO energy present in the RF
region. Hypothetically, then, the LO-RF isolation is infinity if verti-
cally-polarized LO energy 1s sought in the RF region with a
horizontally-polarized probe. However, there will Le considerable verti-
ca}ly-polarizod energy which was not intercepted by the mixer, and this
energy can cause trouble just as easily as horizontally-polarized radi-
atfion can. In a practical sense, the LO-RF isolation of the bare mixer
is poor when polarization {s disregarded. It is this figure which the
ffont polarizing filter improves.

When a vertical grid 1s placed in front of the mixer structure as
tn Fig. 7-2, its reflection coefficient of nearly unity returns most of
the LO power that was not absorbed by the mixer. This experiment was
tried with the double-grid polarization filter described above, and the
LO~RF fsolation as defined in Equation (7-3) was measured with the RF
horn both co-polarized and cross-polarized with respect to the LO polar-

{zation. The 1solation in the co-polarized configuration was 27 dB, and




P

e, AP

+ BT AL b

PR A W
l.tvo.o.!...co..‘cl

r
(=

et v o E
eV QLA i v

VERTICAL HORIZONTAL
6RID 6RID

TO IF
CIRCUITRY

Fig. 7-2. Use of polarizing filters with
slot-ring mixer.
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cross-polarized isolation was 30 dB. For the moderate size of screen
used, these figures were quite good and compare favorably with isolation
attained in commercial practice.

An antenna-related figure of merit which interests microwave
systems engineers is cross-polarizatfon rejection. Communications sys-
tems, especially those involving satellites, presently use a form of
polarization duplexing in which half the channels in a given band are
polarized orthogonally with respect to the other half. This allows fre-
quency re-use within the band, almost doubling its capacity. Of course,
the antennas used for reception of these signals must be able to discrim-
inate between the two polarizations. The ratio of the antenna's response
to the desired polarization compared to the undesired response is called

the cross-polarization rejection Rc Typical values of Rc for

earth-station receiving antennas are 25t35 dB. i é

The front polarization filter can improve the slot-ring mixer's ‘
already good cross-polarization rejection in the following way. If the
mixer structure is perfectly balanced (symmetrical mechanical structure
and identical diodes), the cross-polarizatfon rejection is infinity even
without a front filter. In reality, perfect balance can never be
achieved, and in the absence of a front filter, the mixer under dis-
cussion had a cross-polarization rejection of 15 dB. Inserting the ver-
tical grid in front of the mixer had the effect of reducing the
cross-polarized RF signal fincident on the mixer, and {improved the

cross-polarization rejection somewhat, to 20 dB. The full 30 dB of

rejection that the isolated screen can give was not realized in this
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experiment. It is possible that near-field effects are occurring since

WAL o

the screen-mixer distance RRF in Fig.7-2 was only 5 cm. Nevertheless,

the front screen did improve the cross-polarization rejection by 5 dB, a

AL N

significant amount.

.

! A third advantage of the front polarization filter {s that it can ;
reduce the amount of LO power required. No experimental confirmation of j
this was made, but it is clear that, as the distance RRF is made smaller,
.’ the LO wave reflected back to the mixer will combine with the incoming !
w wave. At intervals of about one-half wavelength, the incident and ,
‘ reflected waves will add in phase, producing a higher available LO volt-
age for the mixer diodes. Depending on the relative magnitudes of the
. incident and reflected waves, this improvement can be 3 dB or more. .
Conversion loss is a very sensitive function of LO power below a
certain minimum. A typical curve relating conversion loss to LO power in -
1 ~ an experimental mixer is given 1n Fig. 7-3. Minimum loss occurs at an LO

power of about +7 dBm with a gradual falloff above this level due to

diode breakdown effects. Below the optimum power level loss increases

- e o
cnle o

gradually at first, and then very swiftly as the diodes cease to act as

switches and their off-on resistance ratio falls precipitously. In the

N o

case of single-ended mixers, reasonable conversion loss can be main-

' tained at lTow LO power levels (<0 dBm) by proper DC biasing, but such

b “starved” mixers suffer from increased noise figure and reduced dynamic

range. Without greatly complicating the circuit, it is {impossible to ]
f‘ provide DC bias for single- or double-balanced mixers.

_ Required LO power {is primarily a function of the number and kind
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of diodes used and does not depend on the mixer circuit itself as long as
losses are not considered. In common with other single-balanced mixers,
the slot-ring mixer needs about +4 to-+7 dBm delivered to its diodes for
optimum conversion loss. To provide this much power to the diodes
requires a much greater power to be radiated from the LO horn since the
free-space method of coupling LO power 1s very inefficient. This feed
method was chosen with array configurations fn mind, since it is the sim-
plest possible way to feed many mixers at once. Typical values of power
delivered to the LO horn in these experiments to obtain optimum conver-
sfon loss were +20 to +25 dBm. Most of the power went into the space sur-
rounding the mixer even though the horn-mixer distance was on'ly' 25 cm.
Every dB of gain in the LO direction caused by the front polarization
filter means a 1 dB reduction in the required LO power. At X-band, pow-
ers approaching the one-watt level (+30 dBm) are relatively easy to gen-
erate, but such a requirement at millimeter-wave frequencies fs usually
prohibitive. Conservation of LO power by the front filter can thus make

a vital difference in arriving at a practical design.

REAR POLARIZATION FILTER

In the same manner that the front polarization filter increases
antenna gain in the LO direction, a horizontal filter placed behind the
mixer as shown in Fig. 7-2 can increase the forward gain in the RF direc-

tion. The orthogonality of the RF and LO waves allows {independent

adjustment of the two gains. This procedure was also tried exper-
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imentally and yielded a 6 to 8 dB increase in IF output power compared to h

{ the mixer performance without the filter. Strictly speaking, this K
ﬁ increase 1s not a reduction in conversion loss of the mixer circuit as ;

defined in Equation (5-1). Rather, the rear filter changes the radiation

pattern so as to increase forward gain in the RF direction at the expense
of the lobe on the opposite side which serves no useful purpose. '.
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CHAPTER 8: PROPOSED USES AND CONCLUSIONS

The rudimentary polarization filter experiments just described
are only a sample of the wide variety of quasi-optical techniques appli-
cable to the slot-ring mixer. A few of the more obvious and useful ones
will be briefly outlined here to guide further investigations and appli-
cations in this area. We conclude Part I with a summary of the findings

concerning the slot-ring mixer.

FURTHER PATHS

The goal of this research program was to devise a mixer simple
enough to form an element in a large planar array of identical mixers.
One inescapable problem in any such array arises when we try to connect
to the multiple IF output 1ines without causing severe crosstalk between
channels, or interference with the RF performance of the array.
Three-dimensional connections to the rear of the array, for example,
would be straightforward but mechanically awkward. One solution which
retains the planar format is shown in Fig. 8-1. Each IF output is in the
form of coplanar line which leads to the edge of the array. If the split
in the ground plane is found to disrupt the RF currents excessively,
another thin dielectric layer could be deposited and another metalliza-
tion formed as shown in Fig. 8-2. The thin dielectric layer would act as
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a short circuit to the millimeter-wave RF signal, and the second metalli-
zation would present uniform circular rings to the RF currents without
any interruption on the RF side.

In any array configuration, mutual impedances between antennas
must be considered since they can cause the array pattern to depart dras-
tically from a simple superposition of individual isolated antenna pat-
terns. This is a fertile area for further study.

Images can be formed with either reflective or refractive
devices; .A parabolic or spherical dish is an example of the reflection
technique while a dielectric lens forms an image by refraction. Fig. 8-3
{1lustrates one way that the LO power could be provided to a slot-ring
array at the focus of a dish. A solid reflector plate behind the array
maximizes the gain of both polarizations in the direction of the dish.
The relatively broad pattern of the slot-ring antenna makes it especial-
1y suitable for 1llumination of dishes with a low f/D ratio where other
devices might encounter problems.

An example of a dielectric-lens imaging system {is given in Fig.
8;4. At millimeter wavelengths, an electrically large lens is not diffi-
cult to make and provides very high gain. The wide radfation pattern of
the array would lead to good i1lumination of such a lens.

Applications of phased-array technologies have thus far mostly
been 1imited to X-band and below where reliable and low-loss phase shift-
ers are possible. By converting the incoming RF wave down to a frequency
where phase shifting is again an easy matter, quasi-optical mixers could

open the door to millimeter-wave phased arrays.
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CONCLUSIONS

Part I has traced the theoretical development of the slot-ring
antenna operated in its first-order resonant mode. Explicit and easily
evaluated expressions for the radfation patterns and terminal resistance
of the antenna were derived, and it was shown that by using the two
orthogonal modes of the antenna, a simple and effective balanced mixer
was possible. The theories were confirmed by extensive experiments
investigating the radiation impedance, antenna patterns, and the opera-
tion of a model X-band mixer. The mixer tested gave a best conversion
Joss of 6.5 aB = 3 dB, and straightforward frequency scaling indicates
that millimeter-wave mixers should have similar performance, if diodes
of sufficient qua ity can be made. Some techniques for using arrays of
such mixers for {imaging and phased-array purposes were proposed, and

further areas of study were outlined.
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CHAPTER 9: INTRODUCTION

In Part I, we saw how a very simple planar metal pattern on a dielectric
sheet can be used as a quasi-optical mixer. We also noted a significant
limitation: the free-space LO coupling method requires large amounts of
LO power for optimum conversion loss. This demand for high local oscil-
lator levels s relatively easy to satisfy below about 30 GHz but becomes
increasingly burdensome in the millimeter-wave range.

The cost of generating a given ‘levﬂ of microwave energy gener-
ally goes as the frequency raised to a power between 1.5 and 2.5. That
is, a source designed to deliver 10 mW at 20 GHz will cost about four
times as much as a 10-mW source at 10 GHz. Carrying this rule fnto the -

. mi1limeter-wave range leads to high prices very rapidly. Asking for a
given power at higher and higher frequencies eventually carries one past
the present state of the art, beyond which no single device {s avaflable
at any price. One can then resort to power-combining techniques, but
this alternative is inconsistent with the appealing simplicity of the

quasi-optical mixer. A much better choice, and one which inspired the

a ‘ work to be described later, is to develop a mixer circuit using roughly

% the same LO power as before but at a much lower frequency. If the new fLO

s 1s a subharmonic (1/2, 1/3, 1/4, . . .) of the original fLO’ such a mixer

r. is said to be subharmonically pumped. Suitable circuits can make such a

; subharmonic mixer nearly as efficient as a conventional mixer.

’:,' In this part, we will trace the theoretical and experimental )
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development of a broadband antenna suitable for use in a quasi-optical
subharmonic mixer. The special mixer circuit used to achieve efficient
subharmonic mixing will then be described. Finally, a series of exper-
iments similar to those of Part I will show that the conversion loss of
this mixer was as Jow as 8.6 £ 3 dB at 14 GHz, depending on the diodes
used. The same device performed well in the millimeter-wave frequency
range. The antenna used for this subharmonic mixer is a variant of one
that 1s familiar to many UHF television viewers: the bowtie. This sim-
ple structure is especially suitable for quasi-optfca1 subharmonic mixer

service, as the following chapters will show.
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CHAPTER 10: THE INFINITE FIN ANTENNA

The metallic bowtie antenna 1in Fig. 10-1 is not new. Its ante- ‘i
\ cedents can be traced to early attempts to broaden the inherently narrow
bandwidth of a thin wire dipole. Thicker conductors were found to lower
the radiation Q considerably, allowing a wider range of frequencies to be i
used for a given maximum standing-wave ratio on the antenna's trans-

mission l{ne.

LY e
UL FIEY PR e Py

¥ Extending the distance o in Fig. 10-1 to infinity creates what

a3t v

we call the infinite fin antenna. It is one of a class of structures .
i which are characterized entirely by angles. A drawing of the structure
: to any scale can be superimposed on the original and it will fit. No 1in~
. ear dimensions are needed to describe 1t. Such antennas have very inter-

esting properties as broadband radiators, and in 1957 V. H. Rumsey

20 3

showed [1] that the performance of such an antenna was in fact independ-

some part must extend to infinity, since cutting the structure at some

LRI RN

2 ent of frequency. The main drawback to such hypothetical devices {s that

finite point gives it a characteristic length and destroys the
frequency-independent property. R
Fortunately, several antennas of this type were found in which V

the surface currents decayed quite rapidly, faster than 1/r, as one went

farther from the feed point. For these antennas, truncating them at a .

T 5

AT S

large radius where the currents had died away had only a small effect on .{

the frequency-independent property. Many successful designs grew from

: 102
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9
; this work, including the equiangular spiral antenna and the log-periodic
i antenna. As part of his investigation of infinfte structures, R. L. Car-
g re) studied the properties of the infinite fin antenna and found a math-
) ematically exact expression for its impedance [2]. In his paper, he
assumed vanishingly thin lossless conductors, but such a qualification
! is quite acceptable in most antenna work of this kind.
’; When r, goes to infinity, the resulting structure is character-
; ized by ¢, the half-angle of the fin. Carrel generalized his work to
3.'3 include asymmetrical antennas with different fin angles on each side,
but we will restrict our discussion to structures having mirror symmetry
. about the plane perpendicular to the fin axis.
‘- A complete recapitulation of Carrel's derivation will not be
l given here. Briefly described, his analysis took the form of a
2 three-stage conformal mapping of the infinite fins into a finite
‘_. two-dimensional parallel-plate structure. The characteristic impedance
| of the latter was trivially easy to calculate, and thus the problem was
N solved exactly.
:: Carrel's analysis showed that the infinite fin antenna was actu-
-

ally a constant-impedance TEM transmission Tine having a characteristic

impedance Zo given by

n K(cosy)
& B e casseasEaeEn
3 ° 4 K(stne)
(10-1)
.“
*i
b ’
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%,
where the function K(x) is the elliptic integral defined by
g
E 1
3 K(x) = [ [(1 - t3)e(1 - x2e)]7 M2 gt
[
A 0 (10-2)

This function is tabulated extensively and was used to derive the plot of
b the infinite fin antenna's impedance shown in Fig. 10-2. It should be
mentioned that because of the fin antenna's mirror symmetry, the impe-
dance of the structure is halved when half of the antenna is mounted and
driven against a ground plane, as in Fig. 10-3. This {s exactly true for
both the infinite-fin and the truncated bowtie structure§ provided éhat
the ground plane exactly coincides with the antenna's plane of mirror
symmetry. Although both Carrel's study and some impedance measurements

studied later dealt with the unipole against ground, all discussions to

follow will concern only the balanced two-fin antenna, since this is the

practical form in which the antenna 1s used.

3
b

By straightforward differentiation of the potential function

- that Carrel found, 1t is easy to derive the fields anywhere in the space
A surrounding the infinite fin antenna. Fig. 10-1 shows the spherical
: coordinate system we will use. One fin lies in the ¢ = 0° half-plane,
4 the other in the ¢ = 180° half-plane. Both fins extend for an angle ¢
$) above and below their respective axes. To develop the exact expressions
i- for the fields surrounding the antenna, we must evaluate certain con-

. stants arising from the mapping operations.

Given the angular dimensions just defined, these auxiliary con-
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-
stants may be determined: E
D = cot[1/2(w/2 - ¢)]
(10-3)
l-sing
k=
1+sim .
(10-4)
Kk = K(k)
(10-5)

A1l the constants above are real and fixed for a given set of dimensions.

Now we define a complex auxiliary function

o(4,6) = Detan(8/2)ee%*

(10-6)
and we assume the voltage present at the input terminals is of the form
VLOOQXP(JM.). If the free-space propagation constant of the uniform
medium surrounding the antenna s "o and the medium's impedance is v,

then the electric and magnetic fields everywhere are given by:

AR
‘(x (A Sl »

.........
......................




--------------------------
....................................................

Eg(r.8,0,t) =

y vo 0 ej(ut = ko) . e Je
K r(1+ c0s20) ¢ [v'(l - o?)e(1 - k’O’)]

E‘(r.e.o.t) =

3 \

- V. D tan(B/Z)ej("t = k) J et N

! -2 e Re :
2K, r sing N1 - o2)¢(1 = k20 2)

(10-8) 3

Ha(rvey‘;t) = 'E./ﬁ

Hy(r,8,4,8) = +Eg/n

(10-10)

(10-11)

the transverse electric fields are simply

As in any TEM structure,

related to the magnetic fields by the impedance of the surrounding medfum

u'

So far, the fields found are of 1ittle practical interest, since

the structure creating them is impossibly large to build. The equations
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tell us that the antenna currents decrease with radial distance only as
1/r, so truncation can be expected to have a significant effect. Never-
theless, these fields constitute the only outward-traveling mode excited
fn a bowtie antenna of finite length. As we shall now show, they form an

integral part of the analysis of such a practical structure.
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CHAPTER 11: BOWTIE ANTENNA THEORY

In this chapter, the modal expressions in spherical coordinates
for outward-traveling waves are briefly described. An analysis tech-
nique for finding the radiation patterns and terminal impedance of the
bowtie antenna is outlined, and an equivalent circuit for the antenna is

derived. Despite its simplicity, this mode) is shown to give surprising-
1y good results.

MODE3S OF FREE SPACE

Harrington [1] shows how any AC field in a homogeneous
source-free region may be expressed as a combination of two sets of
modes. All the magnetic fields in one set are transverse to the radial
unit vector (TM to r), and the other set is composed of modes in which
the electric fields are transverse to r (TE to r). These modes are gen-
erated in the following way.

Let an(cose) represent the associated Legendre function of the
first kind. Let h:")(kr) be the spherical Hankel function defined in

terms of the Hankel function of the fth kind Hai)(kr):

m
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2 n&" (kr) = faker2242en8 ) (i

S (111

i ]

Ny With these functions in mind, we can now define a scalar potential func-

. tion A“:

b~

B

s = P_ (cos8) cos(mo) ( )(kr)

:3' Aun = Pan 2

:-E sin(mo) ( )(kr)

‘-:,’ .

(11-2)

EAg where n = 1,2.3, ., . .andm=0,1,2,3, . . . Either the cosine or the

.'{:‘ sine function can be chosen for the longitudinal dependence. The spheri-

e cal Hankel function: of the first and second kind generate inward- and

’ outward-traveling waves, respectively. If these scalar potentials are

¥

‘-"5; multiplied by the radial unit vector U, they satisfy the vector Helm-

holtz equation. The functions thus generated in spherical coordinates

" are solutions to Maxwell's equations in spherical coordinates. The T™M

b4

07 fields are developed by the vector equations: -

2

o

%

}2 "nnm =V x u(Ay)

) (11-3)
w:: )
\

)

1,

A‘

By = (13ue) ¥ x 1, ™

B (11-4)

o
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where ¢ = dielectric constant of the surrounding medfum. Similarly, the
TE fields are found by using the following set of equations, which are
the duals of Equations (11-3) and (11-4) above:

ETE

wn -V uAL)

(11-5)

n TE

= < : . TE
o = ~(Vdew) v x E

(11-6)
where u = permeability of the medium. In principle, this set of modes
can be used to represent the radiation field from any structure, provid-
ing the relative excitation of the various modes can be determined.
Practically, this problem 1is wvery difficult, and the elaborate
computer-aided techniques necessary to solve it give no guarantee of
success in a finite time. Fortunately, the bowtie antenna appears to

eicite only a few of these modes in the frequency range of interest.

MODES THE BOWTIE ANTENNA EXCITES

A time-domain thought experiment will make clear the basic meth-
od used to analyze the bowtie antenna. Referring to Fig. 11-1, suppose
that a bowtie antenna is suddenly excited at its terminals by a stnusoi-
dal voltage. The only propagating mode to be excited will be the TEM

a 2™
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Fig. 11-1. Bowtie antenna exciting modes

of free space.
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mode developed in Chapter 10. This TEM wave will travel uniformly out-
ward at the speed of light in the surrounding medium. Until the wave
reaches the edges of the fins at L the fields are the same as those in
an infinite-fin antenna. But the similarity ends when the the outgoing
wave meets the edges. There the discontinuity caused by the ends of the
conductors will excite many of the higher-order TE and TM modes. Their
relative Jevels will be proportioned so as to satisfy the boundary condi-
tions at the edges of the fins, as well as everywhere on the sphere r =
o These modes are represented by the b3. b4. b5 . . . coefficients
shown radiating away from the sphere. The sum of these outgoing modes
may generally not be the same as the fields of the TEM mode, although in
some directions the change will be small. In addition to the radiating
modes, reactive energy will be stored in evanescent modes near the fin
edges. Finally, propagating modes will be reflected toward the origin,
but only one of these is of the proper form to propagate all the way back
to the source. This mode is the TEM mode already described. The presence
of this reflected wave means that the reflection coefficient I measured

at'the terminals wil) be nonzero:

r= bl/'l
(11-7)
This reflection will cause the input impedance to deviate from the infi-
nite-fin antenna's {mpedance Z, although for small reflections this

change will also be small.
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In Fig. 11-2, we have attempted to model the bowtie antenna with
an equivalent circuit, which is exact only for the portion of the circuit
representing the fins. This portion {s the leftmost section of trans-
mission line, having impedance Z_ and length o The coupling of the
outgoing TEM mode to a given TE or TM mode outside the sphere is repres-
ented by an ideal transformer with turns ratio N. If a particular mode
is not excited strongly, N is high, which means that its series impedance
presented to the outgoing TEM wave‘1s small. If for reasons of symmetry

a mode is not excited at all, N goes to infinity and the series impedance

at the primary vanishes. Determining the impedance representing a par-
ticular mode requires more detailed knowledge of its nature.

If we divide the magnitude of Ee by the magnitude of H‘ for the
wave of a particular mode, we can define a wave impedance Zv for that

mode:

Ee/ﬂ’ =1,
(11-8)
As we noted earlier, Zw for the TEM mode of the infinite fin antenna is
real and constant, equal to n everywhere. If the same operation is per-
formed on the transverse field components of the TE and TM modes, the

resulting Zw is a function of r only [2]:
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Fig. 11-2. General equivalent circuit

of bowtie antenna.
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: I, =dn T(3p
‘ hﬂ (kr) i
) (11-8)
3
> b, (B(kr)
TE LI
- I, =-3n (2)
byt (ke) |
8 (11-9)

where the prime denotes the first derivative of the function with respect
Ry
3 to the argument. By using the recurrence relations for spherical Bessel
x} functfons, L. J. Chu [3] found that these impedances could be synthesized

by simple L-C ladder networks terminated in a resistor. The reactive

~. components model the energy stored in the fields, and the resfistor
{ absorbs the power radiated to infinity. In principle, then, by replacing
each impedance Z“ in Fig. 11-1 with the equivalent ladder network corre-
A. sponding to 1ts mode, the radiation impedance at the antenna terminals
:} could be found for any frequency, once the transformer rat{os were deter-
- mined. Such a complex model {s unnecessary, since in the frequency range
5,' of interest, the impedance s adequately modelled by using only one TM .
* Simplifying things even wmore, we notice that the significant |
i mode 1s the same as the field radiated by an elemental dipole. Specif- -f
z fcally, it is the TM,, mode that results when cos(¢) 1s used in the gen-
K erating scalar potential:
4:
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All = Pn(coSO)ocosvhl(z)(kr)
(11-10)

The transverse electric and magnetic fields of this mode are easily

H, A A*.';b.';

found to be:

e o
afatitalals

Hy = (1/r)estngen,(2)(kr)
(11-11)

.
[ LA

28 Hy = (1/r)-coseocos0'hl(2’('"‘)
(11-12)

A Y

Bo = *Zu11 * My

(11-13)

e o e AW 3
SO

E, =~-Z

- ¢ w11 * H

0
(11-14)

where the wave impedance 1s given by

WG

= )

[ <

AR
I~
£
b
b
[ )
|
*
‘;1...
]
+

N (11-15)
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\ The equivalent circuit yielding this wave impedance is shown in Fig.
E" 11-3, for the case in which the impedance is evaluated at the fin-air 1
s
}C'- interface sphere r = o It is a simple high-pass filter whose impedance )
R
at low frequencies is dominated by the capacitance (coro). As the fre-
"’ 3 quency goes to fnfinity, the reactive part will decrease in favor of the
2 .
..j real part, which at w = « will be equal to the free-space wave impedance
) n. This behavior agrees with the intuitively reasonable idea that, at a
-‘% given radius o the low-frequency wave impedance is mainly reactive. As
13
": the cutoff frequency kor = 1 {s passed, radistion becomes easier as the
RN .
- wave impedarce approaches its free-space value of n.
ﬁ If we assume that the mn wmode just described is the only radi-
2 "g ating mode excited, the antenna's radiation patterns are then given sim-
' ply by the mode expressions (11-11) through (11-14). For distances more
“, than a few wavelengths away from the origin (kr>>1), the spherical Hanksi
Y
'E:'; function approaches a simple asymptotic form:
J
2
£ h{2) (kr) + ~e3K"
g (11-16)
f‘i’ allowing us to write the far-field radiation expressions as
32,
3
N
=




L=uwry R=n

Fig. 11-3.

Equivalent circuit of TM]] mode

wave impedance.

PR e W B0 RN
,‘_,“‘ Tt ‘\.Vu.“'.

)

W e B
> 2 et

.
P

e e v .
RN

P
. S

s

o e

i

ARy

"

A

St

v e e v e
. .




......................................

13

122
}g Hg = =(1/r) eIk <ine

'3 (11-17)
'

‘ H o -(1/r) e-jkr cosd cose¢

i (11-18)
and the Eo and E‘ fields still derivable from Equations (11-13) and
2 (11-14), respectively.

2 Even though other modes are not excited, the stored energy in the
vicinity of the antenna will excite evanescent modes, and they will con-
-i tribute capacitive reactance to the load seen by the TEM transmission
"3 line in Fig. 11-1. Lumping these reactances into a single capacitor Cf,
we arrive at the simplified equivalent circuit of the bowtie antenna
_:{"‘ shown in Fig. 11-4. The only unknowns in the model are the value of the
}:'3 fringing capacitance Cf and the turns ratio N of the transformer.

3

j CONFIRMATION OF SIMPLE THEORY

-

b

’-_:, The theory developed so far is not distinguished by its math-
"Euj ematical rigor. A complete analysis would take the form of a
? boundary-value problem at the spherical surface r = o The field out-
side the sphere would be expressed in terms of unknown coefficients of
’C the various modes, and the problem would then consist of solving for the
: coefficients so that the continuity of electric and magnetic fields
}; would be preserved in the presence of the known TEM mode coming from the
»3

"
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origin. Various methods such as mode matching are suitable for this type
of problem, but the solutions require extensive computation and results
are not guaranteed.

Such a procedure 1s unnecessary in this case, since it was found
empirically that the simple one-mode model accounted for all the antenna
features of engineering significance. In 1952, Brown and Woodward [4] of
RCA undertook an exhaustive series of radiation-pattern and impedance
measurements of the triangle antenna, which is the unipolar version of
the bowtie. Their research was directed at developing a simple receiving
antenna capable of use over the nearly 2:1 frequency range of the newly
autnorized UHF television band (470-890 MHz). By comparing the pred-
ictions of the one-mode model with their experimental results, we found
that the model gave entirely satisfactory predictions over an octave
bandwidth. This range corresponds to an edge-to-edge electrical length
of from 190°* to 360°, or roughly one-half wavelength to one wavelength.
Using an electrical 1length of 240* as an example, we compare in Fig.
11-5 the E-plane and H-plane patterns measured by Brown and Woodward to
the simple sinusoidal shapes predicted by the one-mode theory. Agree-
ment is reasonably good.

An even better agreement can be found for impedance by empir-
ically adjusting the remaining unknown parameters in the simplified
eqdiva]ent circuit of Fig. 11-4. If we use Cf = 0.211':r° and N = 1.9,
the {impedance 21n is easily calculated with the lossless transmission
1ine equation. An order-of-magnitude justification for this choice of N

fs that the ratio of the free-space impedance n to the fin impedance Z
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is 1.5. When the resulting values of Zin are plotted along with those
measured by Brown and Woodward in Figs. 11-6 and 11-7, the agreement seen

is quite impressive for such a simple model.

SUBHARMONIC MIXER USING THE BOWTIE ANTENNA

It has been shown both empirically and analytically that the
metallic bowtie antenna has a broad frequency range over which its impe-
dance is predominantly real. In this range, the radiation pattern is
fairly well cpproximated by that of an elementary dipole. These proper-
ties make it especially suitable for use as the receiving antenna of a
quasi-optical stbharmonically-pumped mixer for the following reasons.

The mostly real terminal impedance over a 2:1 frequency range
makes it easy to transfer power from the antenna to the mixer circuit at
both fRF and fLO’ which is about one-half of fRF‘ A resonant structure
such as a wire dipole or even a slot-ring antenna will generally have a
much narrower usable bandwidth making it very difficult to receive both
RF and LO energy without using separate antennas for each frequency. The
relatively broad pattern of the bowtie meets the requirements of
quasi-optical imaging service, as the slot-ring pattern did in Part I.
While not rigorous, the simple one-mode theory developed for the bowtfe
accounts for the essentfa) design characteristics of the device and fur-

nishes a basis on which to found more elaborate analyses fn the future.
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DIELECTRIC-SUPPORTED BOWTIE

In common with the slot-ring antenna, the bowtie antenna is
mechanically awkward in 1its purely metallic form. The entire antenna
mass is supported at the terminals unless some form of dielectric support
is used. A practical version suitable for photolithographic fabrication
is shown in Fig. 11-8. The bowtie structure is now supported on one side
by a dielectric sheet. Several identical antennas were made with the
following dimensions: width W = 9.45 mm, length L = 22.6 mm, and thick-
ness T = 1.57 mm. The terminal spacing at the center was rather hard to
control, but averaged about 0.4 mm. Antennas of these dimensions were
used in all the antenna and mixer experiments. Angle y = 30°.

As long as the usual precautions of avoiding high-order surface
waves are observed, little difference in radiation patterns or impedance
should be noted between the all-metal and the dielectric-supported
structures. The impedance will show a slightly higher reactive part due
to the greater amount of energy stored in the dielectric, but for dielec-
tric constants typical of microwave substrates presently in use (2 < e, <

3), the effect should be small. The pattern changes should be only a

slight increase in the dielectric-side radiation, and measurements to

4
i
1
o]

follow confirm this. Using GaAs as a substrate would have a more marked

effect because of its higher dielectric constant of about 13.
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CHAPTER 12: SUBHARMONIC MIXER OPERATION
BACKGROUND AND THEORY
Although mixers using a harmonic of the pump frequency have been I§

used for many years, their popularity has been 1imited by several draw- %;
backs. Since most of them were merely conventional single-ended mixers i'
driven hard enough to show adequate response near the desired LO 52
harmonic, the conversion loss and noise performance was generally poor. -
The mixer circuit itself had no inherent rejection for any harmoni:z i”
response so noise converted down from the many sidebands degraded the Z?

signal-to-noise ratio at the IF output.

Things began to change around 1974 wher Schneider [1], Cohn [2],
and others reported results from a type of mixer circuit expressly
designed to be driven at a subharmonic of the usual LO frequency. The

concept is quite simple and can be best explained in terms of the simpli-

AT t 1 . {"_""’."_",;1 ; P

fied view of mixer diodes as ideal switches.

’{ -

In Fig. 12-1 a simplified version of a single-ended mixer is

diagrammed. The various bandpass filters have been idealized in the fol-
Towing way. The RF filter is a series tank circuit having infinite Q.
This means that it behaves 1ike a short circuit at the RF frequency and ST
an open circuit at all other frequencies. The LO filter is similar, but .
tuned to fLO‘ The IF filter {s a parallel-tuned tank which is open at

fIF but shorted at all other frequencies.
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(¢)
Fig. 12-1. Equivalent circuits of conventional single-diode mixer
showing: (a) diode (b) tdeal switch (c) switch waveform.
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If the drive power from the local oscillator is great enough, the
diode behavior will be adequately modelled by a switch, and the LO cir-
cuit can be eliminated as in Fig. 12-1(b). An important factor in the
operation of such a mixer is the switch duty cycle t* = t/T, in Fig.
12-1(c). Although nothing too definite can be said about the relation-
ship between the LO power and the effective duty cycle of the diode, some
1imiting cases are easy to derive. In the absence of LO power, the diode
is off, or in a relatively high-resistance state. As LO power gradually
increases, the diode turns on for an increasing percentage of the cycle,
and the switch model becomes a good approximation.

In his thorough monograph on resistive mixers, Saleh showed [3]
that the optimum duty cycle for such a mixer is 1 = 0.5. The circuit he
used had more complex filters than those 11lustrated here, but the prin-
ciple was the same. A duty cycle efther greater or less than this led to
increased conversion loss.

The circuit in Fig. 12-2(a) 1s a simple form of subharmonic mixer
using an antiparallel diode pair. Antiparallel means that the diodes are
connected together head-to-tail: when one is forward-biased, the other
is reverse-biased. If the LO power is sufficient, each diode may be
replaced by a switch, as in Fig. 12-2(b). Driving the antiparallel pair,
an LO voltage of half the former frequency can yield the same switching
waveforms as before. Note that because of the antiparallel connection,
the diodes conduct on alternate half-cycles of the LO voltage, effec-
tively doubling the number of switch times per LO cycle. The effects of

this can be seen in Fig. 12-3, where the switching waveforms are shown.
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Fig. 12-3. Switching waveforms of
subharmonic mixer.
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A duty cycle of only 0.25 for each diode now gives an effective duty
cycle of 0.5 for the mixer, since the diode switches are in parallel.
Unlike the conventional harmonic mixer, the subharmonic mixer of Fig.
12-2 does not respond to signals near the LO frequency. This means that
noise and signals in this range are rejected, improving the noise figure.

More elaborate theoretical work by Kerr [4] has followed the
same path as‘single-ended mixer analysis. His study confirmed many of the
advantages exhibited by the simple model just presented. In the same
work, Kerr noted some precautions to be observed for best subharmonic

mixer performance. Some of these caveats will now be discussed.

FACTORS IN SUBHARMONIC MIXER DESIGN

Most of the problems in subharmonic mixer design are the same
that designers of conventional mixers must face. Diode series resist-
ance has the same detrimental effect as it does in a conventional mixer,
and should be reduced for the same reasons. Also, Kerr [5] showed that
the loop inductance of the path between the diodes has a more marked
effect on the subharmonic mixer's performance than an equivalent induc-
tance has on the conventional mixer. For certain inductance values,
Kerr's computer model showed a resonance which caused each diode to con-
duct twice per cycle, leading to greatly increased conversion loss.
Whether this effect is of significance in practice remains to be seen,
but it is worth bearing in mind during design. Beam-lead diodes, 1f

used, should be mounted so as to reduce the lead inductance to an abso-
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lute minimum.

A feature that makes subharmonic mixer circuitry easfer to
design is the wide separation between RF and LO frequencies. This great-
ly eases the task of designing separating filters and is advantageous
even when quasi-optical techniques are used.

Finally, there is the possibility of reduced LO power require-
ments in acddition to the lower LO frequency needed with subharmonic oper-
ation. As we have seen, a luwer duty cycle compared to conventional
mixer operation can yield good mixer performance in the simple model con-
sidered, and lower incidental losses at the lower LO frequency make it
easier to deliver a given amount of power to the diode juncticns. These
desirable properties of the subharmonic antiparallel-diode mixer were
explored in the series of experiments described in the following chap-

ters.
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3 CHAPTER 13: BOWTIE ANTENNA MEASUREMENTS
.3 f
; The same basic procedure used with the slot-ring antenna was 1
ié followed to establish a directivity figure for the bowtie antenna. Since
Lé the experiments of Brown and Woodward showed that the antenna impedance
| changed so slowly over a broad frequency range, we decided not to con-

lg struct low-frequency models for impedance tests. Instead, we designed
ié the dielectric-supported bowtie shown in Fig. 11-8 for the {ntended fre-
? quency of operation: 14 GHz. The bandwidth we desired to cover was
?s about 7 to 14 GHz since a powerful LD source was available at 7 GHz. é
;3 Unlike the patterns of the slot-ring antenna, the bowtie antenna's field :
' patterns are not separable into independent functions of 8 and ¢. This
2% meant that the two conventional E-plane and H-plane patterns would not i
f; suffice for performing the numerical spherical integrations needed. A
L?’ reasonable compromise permitting sufficfent accuracy with a reasonable
;§ number of measurements is shown in Fig. 13-1. '
ii Suppose that the bowtie antenna is radiating and the measurement

' point {s moved along the line labeled § = 0. This fs the so-called
:E E-plane plot, since 1t s parallel to the dominant polarization vector of :
;2 the antenna. Next, let the measurement plane be tilted so that now § =
= 30°. Because of the asymmetry of this path with respect to the antenna,
f% electric field measurements both parallel and perpendicular to the meas- iy
¢$ urement plane must be made if the total power density along the circle

) is desired.
i
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Continuing in this way, we tilt the measurement plane an addi-

-~ tional 30° to & = 60°, and the power density along this circle is meas-
N ured. Measurement along the &§ = 90° circle gives the H-plane pattern.
No circles are shown for & = 120® or § = 150°, because the bilateral sym-

metry of the bowtie assures us that the data would be identical to the §

fY oXa"a s

= 60° and & = 30° circles, respectively. In this way, the sphere of mea-
surement is girdled by eight circles along which the power density is
known. The two polar points common to all of the circles are regions of

strong intensity, where relative calibrations for the various circles

& A ard

may easily be established. The slot-ring radiation patterns of Part I

were taken by hand at 10* or at best 5° intervals. Automation of the

MO M R

measurements for the bowtie antenna increased resolution to 1° or
better. This gave 2160 data points per spherical integration which is
probably more than sufficient for good accuracy.
S The improved radiation pattern setup is shown in Fig. 13-2. As
in the previous measurements, a wave analyzer was used to monitor the
-, audio-frequency output of the antenna's detector diode when it was irra-
dfated by modulated RF energy. The output of the wave analyzer was pro-
portional to the logarithm of the AC input amplitude, so a range of 50 to
i 60 dB was easily compressed to fit within the 0-10 volt output of the
J3 analyzer.
Instead of manually maintaining a fixed level as in the past, the
varying wave analyzer output was fed to the Y input of an X-Y plotter. We

replaced the manual antenna rotator with a motorized one having a

ten-turn precision potentiometer geared to the platform. The potentiom-
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" eter produced a DC voltage proportiona) to antenna rotation, which drove
::1 the plotter's X-axis. As the antenna turned, the varying detector output
E traced a continuous record of relative output versus azimuth.
b To make the plots thus obtained readable in decibels, cali-
j bration points were taken every 2.5 dB, from the maximum output down to
:.3 the noise floor of the system. These points were made by positioning the
antenna for maximum output and setting the precision variable attenuator

; to 0 dB (no attenuation). A mark was made at this level on one side of
X the X-Y plot, the attenuation increased by 2.5 dB, another mark made,
?—A‘ and so on. This cr2ated a series of calibration levels between which the
; continuous record could be interpolated. The X-axis azimuth coordinate
;,‘ was linear by virtue of the potentiometer's linearity, but an ambiguity
o remained as to the location of the zero-degree direction. This was reme-
died by causing a cam-operated switch to 1ift the plotter pen once each
, revolution at exactly the same angular position. By dividing the hori-
A zontal distance between pen-1ifts {into 360 parts, we calibrated the
" X-axis in degrees. An example of the raw data generated by this method
? is given in Fig. 13-3.

, The tedium of manually taking numbers from such raw data would be
3; little improvement over completely manual measurements so the digitizing
; feature of an HP-85 desktop computer was set to work. By following the
B raw curve with the plotter's cursor we could reduce a data sheet to a set
"' of 360 1inearly interpolated data points in the computer memory in about
‘j five minutes. Once in memory, the data could be used efther to perform

the spherical integrations or to generate polar plots. Fig. 13-4 is the
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data of Fig. 13-3 reduced to polar form. No great advance in antenna

measurement technology is claimed for this system, but it is a good exam-

ple of what can be done when there is no money in the budget for

oo gttty el et decr b )

analog-to~digital converters.
Patterns were taken at 7 and 14 GHz. Fig. 13-5 superimposes the

E-plane patterns for those two frequencies, and Fig. 13-6 shows the

EvL- -

H-plane patterns. As before, all patterns are dB down from maximum, so

no conclusions may be drawn from these plots about the relative sensitiv-

ity at the two frequencies. The eight spherical integration patterns

Y777

(four vertical polarizatfon and four horizontal) were made by tilting

PR

the bowtie in its styrofoam support, but the effect was the same as if

the measurement system were tilted instead, as in Fig. 13-1. Some slight g;

ripples in the patterns were traced to reflections from the edges of the i

rotating table, but because integration is an averaging process, these SE

were felt to be inconsequential. The directivity at 14 GHz was calcu-~ %,

lated on the dielectric side to be 4.5 dB with respéct to an isotropic %&

radfator. This gives good agreement with Brown and Woodward's value of éz

about 4-5 dB for their metallic fin antenna at the equivalent frequency. Eé‘
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CHAPTER 14: MAKING THE BOWTIE MIXERS

-

Before discussion of the bowtie mixer tests, we shall outline
the methods used to make them. The bowtie structures used in both the

antenna pattern and mixer experiments were made by etching masked strips

b o VS T

of copper-clad microwave substrate material. Although photolithographic
techniques could have been used, we found that a simpler method sufficed.

A mask was made by cutting adhesive plastic film in the desired pattern.

_ o g b - s

It was then applied to the copper side of the substrate. Exposure of the
unprotected copper to ammonium persulfate etchant produced several usa-

ble antenras, with the only problem being that the central tips forming

oo e e

the terminals were not separated, causing a short. Applying a charged

4000 uF capacitor to the opposite ends of the antenna usually cleared the

i short neatly, leaving slightly fused copper terminals separated by a gap

averaging 0.4 mm across. Too small a gap might short the metallization

on the diode, but too wide a gap would leave the diode's leads exposed
for their full length, adding to the series inductance. |

After several unsuccessful tries, both one- and two~diode mixers

were made by soldering the diodes across the gaps in two antennas. The

entire procedure was carried out under a 30-power stereoscopic micro-

scope since the diodes were only about 0.7 mm long and 0.3 mm wide!

Soldering was achieved by first tinning the antenna terminals with indi-

um solder. Then the substrate was cooled, the diode or diodes placed in

the desired position on top of the tinned terminals with a 1ittle flux,

148

..................

ot . - . v 'y . L) . -
R A I A R S A N O A P E AR TN 0 e T e Ao gty

— S — e i e A e AL e, e Su L Te e e e T e e e e e TR LN N (e Lt e e .
1:‘1., " “ Y' ’.‘3.‘5“{‘1":‘.@.'1:.'\.’1 e ’ './.‘ B -'.' e --.’"". [ T 2 TP AL S T e e A e L e e .
v F VR AT A

« -, o
2 M’!A.A&-.“‘n".a‘.us



149

* YA DR

and the entire assembly heated again on a hotplate Jjust above the
solder's melting temperature of about 150°C. As soon as the solder wet-

- ted the diode leads, the substrate was gently but quickly removed from

Ty

the hotplate to cool 1t. Any attempt to manipulate the diodes while the

solder was molten generally led to disaster, since the solder's surface

Wy

tension exhibited a powerful pull on the diodes. Also, the substrate

il

used tended to become gummy at soldering temperatures. Future work
should use a Teflon® substrate such as RT-Duroid® which does not soften

below about 250° C. Once mounted, the diodes are sensitive to static

o Pl A G il

discharges and power line potentials from ungroundec equipment, as we
i found to our grief. Fig. 14-1 is a photograph of two diodes mounted at
the bowtie terminals.
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Fig. 14-1. Photograph of diode pair at

bowtie antenna terminals.
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CHAPTER 15: BOWTIE MIXER EXPERIMENTS

14 GHZ TESTS

Only minor modifications were made to the conversion loss meas-
urement method described in Chapter 6. Additional measurements were

made to determine gains of the horns used at 14 GHz, and a Tow-noise GaAs

FET IF amplifier was obtained. This allowed an IF in the 300-450 MHz

range, eased the oscillator stabil'ty requirements, and made the IF
matching network more compact. Difficulties in obtaining sufficient LO
power led to very short mixer-LO horn distances. This had the unfortu-
nate effect of distorting the antenna pattern and altering the effective
directivity of the mixer from its free-space measured value. In light of
this problem and the impracticality of measuring spherical patterns of
the bulky mixer~LO feed system, a case {s made in Chapter 16 for adopting
effective mixer aperture as the criterion of quasi-optical mixer per-
formance. To measure either conventional conversion loss or effective
mixer aperture, one requires a mixer test arrangement similar to the one
we shall now describe.

Fig. 15-1 shows the setup used for the 14 GHz measurements.
Starting from the left, the RF signal in the 13-14 GHz range was fed
through a varfable attenuator to a pafr of calibrated directional cou-
plers. The purpose of these was twofold. First, measurement of power at

R gave the amount of power radiated from horn #1. By adjusting the
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(ﬁ slide-screw tuner and monitoring the reflected power at A, we determined ;
%ﬁ that virtually all the incident power was in fact radiated by the horn.
fé The horn gains were measured by the three-antenna method [1]. Knowing

d the radiated power and the transmitting antenna gain, we easily calcu-
g lated the intensity at the mixer distance Rl without needing to actually
9§ receive the power with another horn.

i The LO energy from a 2-8 GHz sweep oscillator was amplified by a
;E; traveling-wave-tube amplifier and fed through an E~H tuner to LO horn #2.
35? Approximate determination of LO power used could be made by inserting a
iy power meter at point D.

EE The bowtie mixer was mounted on a piece of semirigid coaxial
iﬁ cable by two wires forming a fork or yoke. Both one- and two-diode units

1 were tested to observe the improvement in mixer performance by direct
;{ comparison. To avoid pickup of the RF fields by the support wires, a
;E | ferrite bead was mounted on each wire. Experiments showed these beads to

‘ have little effect on IF currents below 1 GHz, but they substantially

;5 reduced microwave pickup. The goal was to cause the bowtie antenna to
5% have the same radiation pattern as 1t did during the pattern
- measurements, but it is 1ikely that this goal was only partially met.
:3 The IF current went through the semirigid cable to the IF match-
E§ ing network, whose schematic is shown in Fig. 15-2. The combinatfon of
;? pi-network and series-shunt stub matching enabled a conjugate match to
;3_ be obtained for any impedance in the shaded regfon of the Smith chart in
ii% Fig. 15-3. Since the IF impedance of a mixer is usually mostly real and
;:t between 20 and 200 ohms, this network was judged more than adequate for
3
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the task. Its insertion loss of 0.3 dB was corrected for in the conver~

:': sion loss calculations of the next chapter.

ﬁ To ensure that power was delivered to a known load resistance, we

; inserted a 10 dB fixed attenuator between the matching network and the

Z-i low-noise IF amplifier. The very poor return loss of the amplifier input

' i (Yess than 3 dB) made this configuration necessary, unfortunate as 1t was

o from a sensitivity point of view. The attenuator presented a 50-ohm load

to the matching network within narrow limits, and rendered the input

:‘3’ impedance of the amplifier largely irrelevant. Its ~2 dB noise figure

i maintained adequate sensitivity in the face of attenuator 'osses.

; To perform a measurement, we adjusted the RF and LO frequencies

' ' to give a desired IF output frequency and measured the power at R while |
e making sure the reflected power at A was negligible. After the relative

;"‘i IF output level on the spectrum analyzer was noted, the IF path was 1
;2 interrupted by substftuting a calibrated signal generator at point C.

Its output level and frequency were adjusted to give the same indication

, on the analyzer as the actual IF output, and the generator's power was

,;} then measured. Measuring the substituted power with the same meter used

- for the microwave measurement rendered absolute power standards unneces-

*‘r\ sary, since only the ratio of powers on the same meter was desired.

’ Direct measurement of IF power at point C was impractical because of

" out-of-band interference, mostly from UHF TV stations. A broadband pow-

:_.:" er meter at point C would see these signals and give erroneous readings, J
3:3 while the method used essentially calibrated the spectrum analyzer at

1 the IF frequency of interest. Discussion of the data obtained will be |
A
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deferred to the next chapter.

y

Al

A

35 GHZ TESTS

The only differences between the arrangement for 14 GHz tests

N TN

and those at 35 GHz concerned the sources and horns used. The LO source
of Fig. 15-1 was unchanged except for the substitution of a 12-18 GHz
o] sweep oscillator for the 2-8 GHz unit. Although the traveling-wave-tube

amplifier's specified frequency range was only 7.0-12.4 GHz, 1t still

, showed some gain at the intended LO frequency of 17 GHz, so it was left
§ in the circuit. The LO horn used in the 14 GHz experiments had an ellip-
.' tical aperture of about 10 cm X 14 cm. To increase the available LO pow-
er deﬁsity, a smaller horn with an aperture about 2.5 cm X 3 cm was used
' for the 35 GHz work. The smaller aperture was a better physical match for
lw the small bowtie mixer. Fig. 15-4 is a photograph of the LO horn behind
3 the mixer. The stub tuner shown was used to obtain maximum power trans-
§ fer to the horn, which was being used somewhat above {its design
:f frequency.
- The RF signal source was a klystron protected by an isolator,
, with a directional coupler for continuous monitoring of the transmit
horn's radiated power. A wavemeter was also included in the signal path.
£ The RF source-mixer distance R1 was reduced to 61 cm, which was sti1l in
. the far field of the smaller Ka-band horn used.
B A very useful innovation in the 35 GHz setup was made by substi-
‘ tuting a bias tee for the stub tuner in the IF matching network (Fig.
\
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15-5). The pi network alone matched the mixer impedance well, and the
bias tee now allowed the connection of a curve tracer to the diodes.

The absence of external DC bias current in this type of subhar-
monic mixer is generally regarded as an advantage, but one drawback is
that the rectified current cannot be used as a relative indication of LO
power delivered to the diodes. Workers at Hughes Aircraft [2] get around
this problem by using a curve tracer to place a low-frequency AC voltage
on the diodes. With no LO excitation, the I-V relation thus obtained is
Just the juxtaposition of the two diodes' individual curves. Fig. 15-6
shows a series of curves taken with various LO powers delivered to the
small horn described above. The curve labeled NO LO POWER was taken
without LO excitation, and shows the exponential relations typical of
low-barrier Schottky diodes. The diodes used in the 35 GHz experiments
were HP 5082-2264 types, which have a slightly lower specified capaci-
tance than the HP 5082-2299 variety used at 14 GHz (0.1 pF as opposed to
0.15 pF).

As the LO power increased in 3 dB steps beginning with -5 dBm,

the slope of the curve at I = 0 started to rise{ indicatfon that the
slight forward current in each diode was decreasing its effective dynam-
ic resistance. For higher powers, the resistance continued to fall, and
the region of lineafity about I = 0 extended until for +10 dBm the curve
was that of a 30-ohm resistor, up to the maximum measured current of S
. . mA.  This state of affairs d{ndicated that each diode was so
forward-biased during 1ts conduction cycle that the junction resistance

was negligible compared to the series resistance of about 30 ohms, which
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LO POWER VARIED IN 4
3 dB STEPS FROM -5
dBm TO +10 dBm 3

NO LO POWER
-0.5 -0.4 -0.3 -0.2 -0,1

a a a2 2
v ad L ammma oo

0.1 0.2 0.3 0.4 0.5

o
v

NO LO POWER

Fig. 15-6. current-\ioltage characteristics of bowtie
mixer with power delivered to LO horn
as parameter.
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. is a 1imiting value for each diode. Such high drive power implies a duty
3 cycle approaching 0.5, which is higher than the optimum value of 0.25
3 for the simple switch model of‘a subharmonic mixer. The experiments con-
. firmed that the LO power for optimum conversion loss gave an I-V curve
jﬁ more like the one for -2 dBm 1in Fig. 15-6. It should be noted that the
i curve tracer was disconnected during actual conversion loss tests, since
i the AC voltage would cause severe modulation of the IF signal.

;3 The I-V curve gives an unequivocal indication of the relative LO
?3 power reaching the mixer. A given power level can be repeated at will by
: adjusting the incident power and LO horn-mixer distance R2 to give the
}f same I-V curve. The distance R2 has two independent effects: (1) it
: varies the LO power delivered to the mixer in a rather complicated way,
? and (2) reflections from the LO horn lead to variations in available RF
f power at the mixer terminals. Both (1) and (2) influence the IF output
% level, and so adjustment of R2 for minimum conversion loss becomes a com-
f’ plex business, espectally 1f no IF output is initially visible. Since
;> the curve tracer furnishes an independent means of monitoring LO power,
-g the adjustment procedure is considerably simplified.

- Lacking a suftable 35 GHz detector diode with which to make
;g Ka-band pattern measurements, we made no directivity measurements atv35
§ GHz. Nevertheless, the conversion loss data can be used to find the
s

mixer's 35 GHz effective aperture, which {s probably a better {ndicator
of quasi-optical mixer performance. Before discusﬁing results of both

the 14 GHz and the 35 GHz tests, we shall treat the problems involved in

quasi-optical mixer measurements. The solutions we found follow in the

next chapter.
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:
3 N
- DIFFICULTIES IN MEASURING QUASI-OPTICAL MIXER CONVERSION &
LOSS o
J‘ t-
A ::;
, As in any antenna experiment involving distances of more than a K
few wavelengths, a high degree of repeatability was not always attain- '3
; able. In these experiments, the positioning of the LO horn behind the
3 mixer was especially critical since RF reflections from it can cause
available RF power varfations of +3 dB or more. Since this effect is so ..
d %
g unpredictable, no attempt has been made to correct for it although it ;
represents a significant source of error {if accurate conversion loss s
figures are sought.
! W
i ¥
g N
¥ EFFECTIVE MIXER APERTURE od
i §
!
f The difficulty of determining available RF power can be entirely o
.3 (S
' avoided by quoting quasi-optical mixer performance in terms of effective
2 mixer aperture Aq. Effective mixer aperture is merely an extension of ‘
p the concept of effective antenna aperture Ae‘ If PRF is the power deliv- A
’ ered to the load of an antenna irradiated with a power density IRF' the ‘
a
y effective antenna aperture Ay 15
e 2
¢ ‘ :
; Rt
I t‘.
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“ Ae = Pre/Ige
: (16-1)
; Dividing power by power per unit area gives an area which can be thought
ki

of as the aperture of a hypothetical antenna that absorbs 100% of the
-‘ power entering its aperture. Since all real antennas have internal loss-
) es and hence deliver less power than they absorb from the radiation

field, the Ae of a real antenna is always less than the maximum effective

;,- aperture A of an ideal one.

;kg By including the mixer conversion loss in the definition of
» cffective mixer aperture, we arrive at a figure of merit which can be
determined without needing to know the available RF power. No direct or
indirect RF power measurement involving the mixer's antenna is required.

No antenna patterns are needed to obtain directivity. The practical dif-
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" :‘ ficulties of pattern integration have already been noted, and they
f-,i become even more severe when we try to measure a larger structure includ-
R

ing the LO feed. The effective mixer aperture Aq characterizes the mixer
“ Just as well as does conversion loss, and Aq is much simpler to
;{? determine.
;&
i To find effective mixer aperture, one sets up a known power
g‘ intensity IRF at the mixer under test and measures the available IF out-
2
5,';; put power. Simply dividing the IF power by the RF power intensity yields
%
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c‘,‘

(16-2) =

To be exact, one must specify the direction of RF power incidence, but :Ef
4

this is the only reference to antenna patterns needed. Comparisons
between mixers at different RF frequencies should be made with care

since the effective apertures of two mixers having identical directivi-

ties and conversion losses are proportional to the inverse square of the w

N
frequency ratio. The effective aperture of an isotropic radiator is pro- \\
portfonal to the inverse square of the frequency, and when directivity is

held constant, the effective mixer apertures are constrained to follow

o

)

this same rule. The higher-frequency mixer will have the smaller effec- f‘

tive aperture. g

ISOTROPIC CONVERSION LOSS LISO }

Effective areas are inconvenient to use in system calculations :f-

(O,

which are normally performed in decibels. For these calculations, a .f;

Yo

dimensionless number is more convenient. By assuming the antenna gain is '

0 dB (that is, the antenna 1s isotropic), we can find an artificially low :).

available RF power l’1 so from the known power intensity at the mixer. E

Dividing this power by the IF output power gives a quantity we call iso-

tropic conversion loss L1 o

>

o

3

»ry

l.\

N

P L -—-»u‘

T A e L L T N T L T e e N T T L L s A N S g

"".; .!u " L5 !,."I:. ~$ ‘.\..n. .'..‘-...-l‘..( Wl '\'?.-,' 2 ALY .'\, ARSI \'.. RS ..: \‘\.w.\q.\.\ \‘\‘ LY AR RN, ¢
AR N ALY L) 1y il 4 L)



- WY TRY TR W, T W N T TN TV L IR e T TR T m T M g LW TE VT e Yy VT T D T e T,YTTETETR T TR RTLT S
SRR W TR X TR T AR YR N Y UL TR T A A R N A i e A T R R )

166

Liso = P1so/PIF

: (16-3)

I

Assuming an available power eliminates the need to measure it through

independent antenna gain measurements, which can be awkward or impossi-

. g e 0y
. 2"

ble with the types of antennas we are considering. All we need to know
is the incoming wave power intensity IRF and the IF output power PIF’
both of which are easy to measure. Unlike effective mixer aperture Aq, f

L can be used for direct comparison of mixers at different frequencies “3

iso
since the hypothetical isotropic antenna's aperture scales automatically

¥ & iyt

with fraquency. The quantity Liso is the inverse of the familiar antenna

4 gain G, if the mixer's frequency-changing property is ignored. The meas-

.
W S PIAC

\ urement technique is precisely the same as for antenna gafn measurements
' except that the much more accessible IF output port is used instead of .i
the usually inaccessible RF terminals of the mixer's antenna.

Since the effective mixer aperture Aq lumps the antenna and mix-

er into one black box, one can conceive of two radically different sys-

.

tems which could nevertheless be characterized by the same value of Aq.

These systems are (1) a high-gain antenna connected to a lossy mixer and

rgv.‘ LA AL

(2) a moderate-gain antenna connected to a ‘ow-loss mixer. If the product
: of antenna gain and conversion loss 1s the same in the two cases, the
) same Aq will result. Unless the radiation pattern of the high-gain anten-

na is so narrow that the quasi-optical feed is poorly illuminated, the

W 4§ TR et |

i microwave system engineer does not care how a given Aq s achieved. Pla-

nar single-element antennas rarely show gains perpendicular to the

Y
-
’l
5

‘.

antenna plane of greater than 6 to 8 dB. This being the case, comparing -




Ty v ey - P N N Sy . v v v
P LA PV S AP R DAL e e e T e i fien S o) Bng Sadi-a g AL AR AL JRRu it M AOACUIA BN A S MRS AN AS A S )
VL TVt e ta T ST K . A AN

-

!

167

one-antenna quasi-optical mixers on the basis of Aq or Liso

2 reflects primarily differences in conversion loss, and simplifies the

still

laboratory work needed to establish performance figures. It also clears
up some confusion which is caused when workers report conversion loss

: calculated by different methods.
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CHAPTER 17: BOWTIE MIXER CONVERSION LOSS RESULTS

TABLE COLUMN HEADINGS

?" With these ideas in mind, let us turn to Table IV. In this

. table, the results of the conversion loss measurements performed with

z'{j the quasi-optical bowtie mixer are summarized. When several trials were

\J executed under similar conditions, the best of the trials is shown. The

<“ column labeled "No. of Diodes" shows whether a single diode or an anti-

;’.‘: paraliel-connected pair was used. The "Diode Type" column indicates

;':: whether the diodes were Hewlett-Packard 5082-2299 types with a CT =0.15 :
N PF ("HI-C") or 5082-2264 types with a Cy = 0.10 pF ("Lo-C"). “Mode of

.3'.1: Operation” {indicates whether the fundamental or the second harmonic of 1
:; the LO was used to mix with the RF signal. This information is also

t .,, implied in the next three columns which give the RF, LO, and IF frequen-

:.",. cies used. Next is the column 1isting the incident RF power density.

-.Ef The IF power output resulting from this intensity follows, and division

:.‘ gives effective mixer aperture Aq discussed above.

'{, The maximum effective aperture A, in the next column {s calcu-

:’: lated from the antenna's measured directivity D at a wavelength X by this

= equation:

"‘-é )
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,. Aem = D.( x3/4’)

W - (17-1)

: Aem is related to the actual effective antenna aperture Ae by the same
[y

factor which relates directivity to gain, namely effectiveness ratio E:

“s- 8
A

iﬁ A=A _+E

e em

i (17-2)

}}. A lossless, conjugately matched antenna has an effectiveness ratio E =

= 1.0, and this figure will be assumed for the bowtie, since the losses in

‘: its wide conductors are probably small compared to the mixer loss. Mis-

é.: match losses are therefore ascribed to the mixer circuit rather than the ]
- antenna. The 10 GHz value for Aem was extrapolated from the 14 GHz fig-

§? ure, which in turn was obtained from the extensive pattern measurements :

’J made at that frequency. No antenna gain measurements were made at 35

- GHz, so no actual conversion loss figures can be calculated for trials 4

and 5.

Eg Continuing to the right, we find the available RF power me

- which was obtained by multiplying the incident intensity IRF by the maxi-

§ mum effective aperture Aem' The loss figure L is the ratio of this RF

,'.' power to the measured IF power. The isotropic-antenna conversion loss

& L“° was obtained by assuming an antenna gain of 0 dB, as explained in

Chapter 16.
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NUMERICAL RESULTS

We shall now discuss the measurement data in detatl. Trial 1 was
a fundamental-mixer test at 10 GHz to see how well a single diode worked
as a normal mixer in the bowtie circuit. The conversion loss of 5.8 dB
is quite comparable to commercially available mixers using much more
complex circuitry. It indicated that the diode parasitics were small
enough to permit efficient fundamental-mode operation, which is a pre-
requisite to good subharmonic mixer performance.

Tn Trial 2 the same diode was used fn the harmonic mode by rafis-
ing the RF frequency to 13.68 GHz and lowering the LO frequency to 7.02
GHz. The effective mixer area decreased by about an order of magnitude,
! and was matched by a rise in conversfon loss to 16.0 dB. This clearly
g shows the relative inefficiency of the single-diode subharmonic mode as
compared to the fundamental mode, 1f we assume that the antenna impedance
is relatively constant with respect to frequency.

Trial 3 used a two-diode mixer otherwise {identical to the one
used 1n the previous two trials. The improvement in conversion loss from
the one~diode mixer of Trial 2 was not great (from 16.0 dB to 14.3 dB)
but it is possible that the lower average impedance of the two-diode mix-
er was not matched well to the antenna's terminal impedance. Still, an
improvement of 1.5 dB was noted in this direct-comparison test.

b After the rather poor performance in the trfal just described,

better diodes having a maximum specified capacitance of 0.1 pF were sub-

stituted for the original diodes which had a CT of 0.15 pF. This appar-
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ently slight change in diode characteristics improved mixer operation
substantially. With the other parameters essentially unchanged from
Trial 3, the mixer now showed a conversion loss ranging from 8.6 to 9.2
dB in Trials 4 and 5, depending on which sideband was measured. The
difference between the upper and lower sideband is probably due to a
minor shift in the radfation pattern from 13.68 GHz to 14.29 GHz. While
not as good as the slot-ring mixer, these conversion losses are quite
acceptable for a prototype device.

Trials 6 and 7 were performed with the 35 GHz RF source, and
since no bowtie antenna gains were measured at that frequency, only th2
A and L

q iso
being compared here, because a one-diode subharmonic mixer using a

figures can be given. In a sense, appies and oranges are

high-capacitance diode was compared to a two-diode antiparallel pair of
lower-capacitance types. The 11.5 dB improvement, from L1so =25.1d8 to
L1so = 13.6 dB, cannot therefore be attributed exclusively to the superi-
ority of either the 2-diode circuit or the lower capacitance of the
diodes. It is 1ikely that both factors contributed.

The bottom 1ine of the table shows estimated errors of the vari-
ous quantities measured. These errors are probably dwarfed by the RF
reflection errors introduced by the LO horn, but since there is no easy
way to eliminate these from the conversion loss data, they are merely

indicated. The Aq or L figures can be stated with greater confidence

iso
since RF reflections are included in these system figures.
The feed horn used for Trials 1 through 4 had a large elliptical

aperture measuring about 7 cm by 10 cm. It is possible that the rela-
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173
tively high conversion losses in Trials 2 and 3 are due to 1nsuff1c1ént
local oscillator power as well as the use of the higher-capacitance
diodes.

Starting with Trial 5, a smaller LO feed horn was used whose
aperture more nearly matched the size of the mixer. The mixer in front
of this smaller horn is shown in Fig. 15-4. Its more concentrated Qper-
ture field coupled better to the mixer and allowed us to measure relative
IF output power versus LO power at the LO horn input during Trial 5.
This dependence 1s plotted in Fig. 17-1 and shows that the best conver-
sfon loss of 9.2 dB was obtafned with a relatively low LO power input.

The most encouraging points of this data summary are these:

1. The subharmonic circuit definitely improves harmonic mixer
performance. The improvement was marginal but clear at Ku-band (13 GHz2),
and very clear at Ka-band. It should be noted that the Ka-band improve-
ment cannot be attributed exclusively to the use of the two-diode circuit
because of the <change 1in diode types. Nevertheless, the
antiparallel-pair connection has been shown to give measureable improve-
ment in the performance of a quasi-optical mixer.

2. Absolute conversion loss is fairly low. A value of 8.6 dB ¢
2 dB is not outstanding, but if a designer must choose between (1) the
tolerable conversion loss and feasible LO power requirements of the sqb-
harmonic mixer and (2) the good conversion loss and impossible LO power
requirements of the fundamental mixer, the choice to be made is clear.
This 1s not to say the LO power requirements of the fundamental type of

mixer are impossible to meet in all cases, but they will nearly always be
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harder to satisfy than those of a subharmonic mixer.

3. Mixer LO power requirements are relatively low. As noted in
Chapter 12, the antiparallel-pair mixer has a tendency to need less LO
power for optimum conversion 1loss than 1{ts fundamental-mixer
counterpart. The fact that two diodes must be driven would seem to
oppose this trend, but the effect was verified in at least one instance,
during Trial 3. The optimum cbnversfon loss was obtained at an LO power
to the horn of only 60 mW, which probably delivered 10 to 15 dB less than
that to the diodes. So in addition to lowering the LO frequency require-
ment, this type of mixer may require less LO power than the fundamental
type as well.

4. The mixer was usable into the millimeter-wave band. Trials 6
and 7 were performed at the lower end of the millimeter-wave spectrum.
Although the diodes were not the best available types, the encouraging
results obtained with them show that this approach to quasi-optical mix-
er design should be applicable well past 30 GHz. At preseni, beam-lead
diodes are being used in conventional mixers up to 100 GHz or more, and

applying these devices in quasi-optical circuits should produce a mixer

usable at those frequencies.
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CHAPTER 18: PROPOSED USES AND CONCLUSIONS )

The quasi-optical subharmonic mixer just described can be used
in any application the slot-ring device can, with the exception of situ~

ations in which duplexing with dual polarizations is needed. Since the .

¥ e
Ly a A AP

bowtie mixer requires the RF and LO waves to be polarized in the same
direction, polarization-sensitive devices cannot be used for separating
the two waves. However, an effect similar to polarization duplexing :
could be achieved over a limited bandwidth by making two d1e1ectr1c‘
screens with metallic dipoles printed on ther:. The dipoles on one screen
would resonate at the RF frequency, and those on the other would resonate
at the LO frequency. By pﬁtting the RF—resonant screen behind an array ‘
;,gi 6f bowtie mixers, gain in the forward direction could be enhanced, while
- the LO-resonant screen in front could further reduce the already small LO
'Vpower requirements. The scatteri ng cross-sections of each screen at the

frequency to be passed might be excessive, but the principle is quite
iasy ‘t'.o apply.

ArgPhFe

 Even without such screens, the bowtie mixer has an advantage

over most other quasi-optical mixers: wide potential bandwidth.
Although these experiments did not explore this possibility, the wide

usable bandwidth of the bowtie means that the IF bandwidth s 1imited

only by external circuit considerations. This is in contrast to the

, : slot-ring mixer, which is basically a resonant circuit. Wide bandwidth

is not an unmixed blessing since 1t carries with it the potential of a i
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higher noise figure. It is likely that the subharmonic mixer noise fig-
ure is somewhat higher than that of the slot-ring device. The bowtie's
broader bandwidth will allow downconversion of noise from many more fre-
quencies, although the subharmonic circuit is still better than the sin-
gle-diode harmonic mixer in this respect. Regrettably, no mixer noise
figures were measured. Since the mixer radiation patterns are so wide,
performing a conventional hot-cold load noise figure test would have
meant surrounding the entire mixer with a microwave absorber at a uniform
controlled temperature.

If the roise figure of the subharmonic mixer is low enough, a
wideband quasi-optical imaging system s conceivable. Since lenses and
reflectors can be made "achromatic" (independent of frequency), the
potential of a wideband quasi-optical imaging system is interesting, to
say the least. A receiver using a bowtie array behind a lens could
determine the heading of multiple targets at different wavelengths sim-
ultaneously.

In a more peaceful vein, microwave mixers using superconductive

tﬁnne111ng and the Josephson effect are just beginning to be used by

radio astronomers, who up to now have contented themselves with complex
fndirect schemes for imaging objects of interest. A salient feature of
most superconductive mixers 1s their extremely low LO power requirement,
on the order of nanowatts [1]. Such mixers are ideally suited for use in
a quasi-optical array. Direct phase-coherent focal-plane imaging would
be easy with such a system. Practical problems of .ryogenfcs and fabri-

catfon remain to be overcome, but the circuits are here, waiting to be
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APPENDIX A - DERIVATION OF FAR-FIELD EXPRESSIONS

The following discussion is taken from Araki and Itoh [1]. The
primary aim of their work was to calculate the resonanc frequency of a
circular microstrip patch antenna. They obtained expressions for the
electric field on the surface of the antenna with Galerkin's method, and
used those expressions to obtain the radiation pattern. Our aim in this
paper is simpler: we have already assumed a certain field distribution,
and merely wish to derive the radiation from this assumed field.

Suppose that the radial electric field Er and azimuthal electric

field E¢ both have the following azimuthal dependence:

m
n

ine
e E.(r)

(A-1)

m
n

Jne
e . EO(r)

(A-2)
In this appendix, the time dependence exp(jwt) is suppressed everywhere.

If two 1inear combinations of these fields are defined as
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E(r) = Er(r) +J E.(r)
(A-3)
E.(r) = E(r) = § E()
(A-4)

Araki and Itoh showed that the radiation pattern above the surface can be
easily found from the Hankel transforms of these surface fields. The

Hankel transform used is
N
E:(“) = Et(r) Jntl('r) r dr
0 (A-5)
Since it is well known that a far-field pattern can be derived
directly from the Fourier-transformed aperture field, the authors began

with the definition of the two-dimensional Fourier transform:

Fukok) = [ [ 00y) explithx + ky)lax dy
-» (A"S)
The rectangular aperture field components Et can be expressed in terms of
E,(r) and E_(7):
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AP

feet s
B2

E, = E, cose - E sing = (E cexp[j¢] + E_sexp[-j#])/2

R

(A-7)

K E, = (E,cexp[jo] - E_cexp[-js])/j2
o (A-8)
The authors then applied a saddle~point method to derive the following

far-field expressions asymptotic to the real fields as r * »:

P IS

Ee(r,0.0) = -(ko/2r)-j"°exp[j(n¢ - kor)]O[Eo(kosine)]

(A-9)
i n+l . i
; Eg(r.8,0) = +(k /2r)e5" “eexp[i(ne - k r)]*(cose)*[E (k sing)]
3 (A-10)
n, N N,
¥ The even and odd functions Ee and Eo are composed of the functions E_ and
3 ~n
% E_:
¥
i N _ A, n,
: Ee =E, +E_
4 (A-11)
v _ n n
3 Eo =E, - E_
; (A-12)
v
:
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APPENDIX B - FIELDS AT THE DIELECTRIC-AIR INTERFACE

This derivation draws heavily on a paper by Kawano and Tomimuro

33
i:, [1] in which the slot ring was analyzed as a resonator by using the spec-
’;‘*’
i‘ tra)l domain method. Their treatment predicted the frequencies of
SR

high-order resonances of the slot ring structure with good accuracy.
Extensive attempts to apply their method to determine the resonant fre-
g ) quency of the first-order mode met with failure, perhaps because of the

erratic behavior of Galerkin's method when the eigenvalues are not most-
A ly real quantities. This difficulty i{n estimating the surface fields is
a numerical one, and does not detract from the validity of their
full-wave analysis. In the following paragraphs, we show how their anal-

ol ysis can be used to calculate the transverse fields at the dielectric-air

interface from the electric fields in the gap, which are presumably known
i or estimated well.

*g Referring to Fig. B-1, the substrate material of thickness t and

“‘ relative dielectric constant ¢, is assumed to be lossless. The axial

z-directed electromagnetic fields can be expressed in the following

WEN

5"»’ forms using a Hankel-transform expansion:

39 1. In regionl (z > t):
)
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"l)f =,

E,y(r.e,2) = &I f A%() e‘j“'(“d)an(.r) s da
o (8-1)

H,y(r.9,2) = L fAh(c) o'”‘(z'd)dn(ur) a da

0
?; 2. Inregion2 (0 <2< t):
H

(8-2)

Ezz(r,o.z) = ej"‘f [Be(u)sinbzz + Ce(u)cosbzz]OJn(ar) a do
*;3 0 (8-3)

Hyo(r,9,2) = &I f [a"(.)smzz . Ch(u)cosﬂzz]-dn(ar) a da
0 | (B-4)

where the A's and B's are unknown functions of the Hankel transform vari-
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(8-5)

(8-6)

| (8-7)

L]
=
=

o
R Y2 r'o
2 (8-8)

s

The constants LR and u, are the dielectric constant and permea-
bility of the substrate layer relative to t, and ¥ respeétively, the
values for vacuum. The z-directed fields given by Equations B-1 to B-4

result from vector potentials having only z-components proportional to

-
LT
i

solutions of the scalar Helmholtz equation in cylindrical coordinates

i v A

[1]. The tangential electric and magnetic fields are derived from these

z~directed fields.

P it

If we define new tangential fields Et and Ht which are linear

Pl wdh o

e

combinations of the conventional radfal and azimuthal fields:

B i i
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E, = E. + JEg
(8-9)

E.=E - JEg
(8-10)

H, = H_ + jHy
(8-11)

Ho =k, - JH
(B-12)
the tangential fields in Region 2 derived from the axial fields have the

following convenient form:

Ep, = " f ([-8,8%a) - 52,C"(a))cos 2
0
+f B,C%a) - 32,8"(a))s10B,2300, (ar) & da

(B-13)

Ep. = o™ [ ([ 8,8%0) - 32,L"(s))cos8 2

0
+[-8,0%a) - 32,8"(s)]s1n8,2)00 (o) & da

(B8-14)

-----------
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"2+ = ej"‘ f {[-IZBh(u) - jyzce(c)]cosazz
0
+[ azc'_‘(-) - jyzBe(c)]sinbzz)OJn’l(cr) a da

"2- = eJ"’ / { Bth(c) - jyzce(a)]cosazz
0

+[-8,t"(a) - Sy 51082100,y (or) @ oo

(B-16)
Similarly, the tangential fields in Region 1 are found to be:

+ = Jej"‘f[ BIA.(G) - zoAh(c)]e-”‘(z-d)Jml(ur) a da
0

E,_ = joi™ f [-8,A%a) - zoA"(.)](”'(“"’Jn_l(.r) « da
0

Hy, = Jei™ f [ 8,Aa) + y A%@))e 9812y | (ar) o ce
0

Hy_ = sein f [-8,A"(a) + yoA'(.)].'”1(""’.1"_1(“) ada
o | (8-20)
where the simplifications z, " "“"'n and Y " Jmn have been made for

4t N W
L] - »
W \‘\'\"' e
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brevity. So far, there are a total of six coefficients which are still
unknown: A%(a), K'(a), B%(a), B"(a), C%(a), and C"(s). The values for two
of these coefficients can be obtained from the assumed form of the tan-
gentfal electric field at z=0, on the metal surface. Denoting the compo-
nents of this presumably known field as Et(r,o,z) and the known Hankel
transforms of these field components as E;(c), we substitute the
Hankel-transformed field components into Equations B-13 and B-14 to

‘ : obtain:

E, (5.0) = -8,8%a) - 32,t"(a)

(B-21)
<

VR v e h 1
i E_ (s,0) = 8,8%(a) - Jz,C"(a)
32 (8-22)
i From Equations B-21 and B-22, B(e) and C(h) can be found explicitly:
b €,(,0) + E_(a,0)
w h
- C(a) =
N -ij2
R (8-23)
B
i
"y
- ", "N
o . E+(‘o°) - E_(a,0)
§ Be(a) = <
s (8-24) 4
w Now considering the dfelectric-air {interface, we find that by
x‘
KA B e L e o e e e e N N T s T T L L T e .
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u& = cj” f ([-528.'(-) - Jyzc'(u)]cosszz
0

o[ 8,L%a) = 3y,8%(a))sin8 2300, (ar) o da
e | - (B-15)

“2- = o""‘ / [ Bth(u) - jyzcé(u)]cosbzz =
0

+[=8,C"(a) - Jy,B%(a)]sInB 2100 _ (ar) & da

(B-16)
Sinﬂarly, the tangential fields in Regfon 1 are found to be:

.S 50

E,, = Joo™ f [ 8,A%a) - 2 A"a) e 78229y | (ar) o da
(B-17)

E,_= jo’":f [-8,A%G) - zoAh(a)]e-”‘(z'd)dn_l(cr) a da

'};"- N ! i a

(8-18)

H + = j.jn.[[ ’lAh(.) + yoA.(.)].-J“‘(z-d)J“§1(¢r) a da :
0 (B-19) -

My = 37" f [-8,A"a) + yA%@)30eB2(F)) (o) @ de

[+) -
' (B-20) "
where the simplifications z, =  ,andy  Juc have been made for :
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v brevity. So far, there are a total of six coefficients which are still
%3 unknown: Ae(c), A"(c), 8%(a), B,'(u). Ce(c), and Ch(u). The values for two
X of these coefficients can be obtained from the assumed form of the tan- |
‘ gential electric field at z=0, on the metal surface. Denoting the compo-
i
nents of this presumably known field as Et(r,o,z) and the known Hankel
L
T,:-! transforms of these field components as Et(u), we substitute the
‘ Hankel-transformed field components into Equations B-13 and B-14 to
’ obtain:
»
2
wAl’
E, (s,0) = -8,8%(s) - Jz,C"(a)
'," ' + (G, 2 a 2 a
(B-21)
1
k3]
' N
5 E_ (0,0) = B,8%a) - 2,C"(s)
3:5 (8-22)
= From E,.ations B-21 and B-22, B(e) and C(h) can be found explicitly:
2 n
3 £,(s,0) + E_(a,0)
% M) =
. -ijz
¥4
b (B-23)
i‘
tvi
.0 E’(..O) - E-(uio)
P B%(a) = *
bt -2B
B 2
" (B-24) .
Now considering the dielectric-air interface, we find that by
SNSRI e,
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matching tangential electric and magnetic fields at 2=d, four more

equations result:

E1+(Y‘,‘.2) = Ez+(ra‘»z)

(B-25)
Ey-(r.6,2) = E; (r,0,2)

(B-26)
H1+(P,‘,Z) = H2+(P,’,Z)

(B-27)
Hl_(r,o,z) = HZ_(r,o,z)

(B-28)

Omitting the rather tedious but entirely straightforward algebra
required, we arrive at the following expressions for the remaining four

unknowns:
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3

X3 h h ’251n82d - Jurﬁlcosﬂzd h

N B(a) =C(a) * z C (q)'fh(c)
Bzcosszd + jurblsinﬁzd

5 (B-29)

N . . BycosB,d + je B,sinB,d .
i3 C(s) =B7(a) £ B (a)*f (a) ,
.i stinszd - jcralcosszd : i

». : (8-30)

A%(a) = B%(a) t, sin,d + c®(a) e, cosB,d
(B-31)

AP(a) = 8%a) u, st d + C(a) b, cost,d
& (8-32)
oN By substituting the proper coefficients into the expressions for the

X tangential electric field at z = d, we obtain:

E*(c.d) = E’(u,ﬂ)cosbzd
+ [ 8,8%a)f (o) - Jzzch(c)fh(c)]sinazd

A L
- JVJ?M‘ .

‘.‘

(B-33)

T IRy

LR
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£ (a,d) = E_(u.O)cosszd
+ [-B,8%(a)f (a) = §2,"(a)f, (a)]sinB,d 5
(B-34) :

")
When the functions Ee(c) and Eo(c) are sought for use in the far-field

expressions, some terms cancel and we obtain: f
%

B (o) = [cosBd + f,(a) sin Bd]e[E,(a,0) + E_(a,0)] k
(B-35) :

N \ n
Eo(u) = [-:osszd - fe(u) sin Bzd]O[E*(u,O) - E_(a,0)]
(B-36) S

Thus we find the relationship between the assumed tangential electric i

fields at z = 0 (given by E;(u.O)) and the fields at the surface of the

dielectric.




APPENDIX C - KRADRNG PROGRAM

The following Fortran porgram listing was used together with
some manual calculations to find the radiation resistance of the
slot-ring antenna. The subprogram CSMPSN 1s a Simpson's-rule inte-
gration subroutine, and the MMBSJO and MMBSJ1 functions are IMSL 1ibrary
subroutines developed by International Mathematical and Statistical

Libraries, Inc.
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R

s
Ee

KRaAD®YEG

PROAGRAY KRADRNG ¢ TNPIT,0UTPUT, TAPESRINPUT, TAPEASOUTPYT)
ExteanaL Sup

REAL RU,RA,FU,K080,K0,PT ,EPSI,HUR, UM, NENDU,DEL ,

4 RESISY

COMPLEX Sun())

CANMQN /R, RA A

PI & 3 141592453580A

cp:a 8 A 85408

LI WY

e 00 8"

THE DATA REQUIRED, IN ORDE®, ARE RT,Q4, (1M CM.)
A gIn 6M2), AxD DFL, THF INTFGRATION ERANR,

Y

REAN, W]
READ,PA
PEAD,FO
REAN,OEL

KRNSO 3 ((20P3aFDYne2) 2EPSRe~UN »
Ko 8 SNOT(XvSQ)
NUM 8 753,30 (ALNG(RA/RT))0e)
CALL CSHPSU(SUR,r,P1/72,DEL.SUY, 1)
DENnv = Plexi"SNeREAL (SUN(1))
N RESIST & NUM/DENOM
PRINT
PRINT, sRUN OF XKRADRNG = AR VEPSINNE
PRINY
PRINT,2P] (Cn,) = ¥,R]
PRINT,,2RA (CM,) 8 3,PA
PRINT, 2FREQUENCY (GNH2) 8 #,FP
PRINTY, 2EAPNR TOLENANCE OF INTEGRATION s woNEL
PRI NY
PRINT,#RADIATION RESISTYANCE (OHMS) s »,RESISY 5
PALINY
PRlyy,2END OF KRADRNG Rutis
grne
gND A

fatass . sl
*

i

A5

SN

o~ -
=

THE SUUROUTINE SUB FORME THE INTEGRAMD,

» 5959 %
.

SUHROUTINE SURCTHETA, TERV)

REAL, UPSILON,x®,HPPL,PUMN,THETA

COHPLER TER™(Y) :
COMON/ /DUN(2) X8

UPPL & UPHILON(K(eSIN(THETAY,2)

UPHN 8 UPSILONCIKeSTIH(THETA),P) :
TERM(1) 8 ((CUPPL = UPMN)I®e2) ¢
» CCUPPL o UPMN)QCOS(THFTA))ee2)® K
> SINCTHETA) ,
RETUKN

EnD

4 R

o
o,

PRI

R t'(.’v-f‘t

P

.
-
3
3
-
-
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THE HPSILON FUNCTYING 18 THE WANKE| TRANSFOR® OF
IHE ELECTRIC FIELD ESTI=ATE 1IN THE Gar,

FUrCTION UPSILONCALPHA,N)
PEAL RESINT  ALPHA,RA,RT, INTRA,INTRE,1PSTLON
COMMON RT, A
IF CALPHAGY, 1F=h) G0 TO 20
IF (aLPreaNF .0 RO ™ 10
UPSILON & RA « ®3
RE TLRN
UPRILON = 8,0
RETHRH
COALL RESINTIALPMARPA, M, TNTRA)
CaLL RESINTCALPHALFPI, N, INTET)
HUPSILAN B (INTRA = INTRI)/ZALPHA
RgTURN
END

FUNCTION CI(NETAL,HETAR)

REA. NHEGA,FPSN,EPSREL,NEPTH,PT,EPN2
COMPLEX Js G1.RETAL,RFTA2,TANA2D
COVMONY/ /DUMEI) ,OMEGA,EPSA,EPSREL ,NEPTH
J s (“o"‘.')

EpS2 = EPSIEPSREL

TANR2D 8 CSIN(RETA2eDEPTN)/ZCCOS(BETA40EPTH)
G) = ((JaDEGALEPRR)/7(2,10BETA2))e
4 CCStBETAR o BETAINEPSNELLTANERD) )
» C(BEVALLERPSREL ¢ JeAETA2+TANA2D))
> o (NMEGAREPSA)/(2.7¢RETAT)

ReTURN

END

FUNCTION G2(REYAL,RETA2)
"‘b ONEGA ,DERPTH Mup
COMPLEY JyG2/RETAL,RETA2,TANBR20
COMMON//DIM( ), OrEGCA, X1, X2,0EPTH

J B (P.N,1,0)

PI * 3,1815920535A0

“Ud 8 8,0ePT

Tava20 8 CSINCAETAR+DFPTHI/ZCCOS(RETA2eDFPTH)
62 & »((JMETAR)/(2,Me0NEGAOMYB))e
» CCBETAL ¢ JoPETAReTANARD)y

» (JeHETA2 « RFTAL#TANN20))
3 ® (BETAL)/(2,0e0MEGARMUN)
RETIHRN

EnND

THE FUNCTIN™ POLF(ALPHA) 18 USEN RY ZARENT YO

4
JSg Yy

R "‘_E TR
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. FINN THE VALUE OF ALPHA FOR WHICH THE DENOMINATOR A
* DF THE INTEGRAtp GOFS 10 ZFRN, .
- .
FUNCTION PNLE (ALPHA) e
REAL, ALPHA,PNLE, NA8Q,EPSPFL,NEPTH, ALFSQ X
COMHUN/ 7Y 080, K280, D11 (3) ,EPSREL ,NEPTH .
ALFSY = ALPNaeaLPWA F33
RETAL = SORTCALESA = XASH)
BETA2 = SART(KASN*EPSPEL « ALFSA) -
POLE & BETA2eSIN(HETAZADFPTH) S
> e EPSRELeAETAL*COS(AETA2#DEPTH)Y )
RETURN e
€nn v
L J .‘_-
L] e
. .
. >
* DO
. THE SURROUTINE RESTINT PERFORuS THF InNTFGRAL =)
. FRNM © v 7 OF THE RESSEL FUNCTYION OF THE FIRST "
* KInun OF ORDER N, o
'Y RETURNING THE vALUF IN INMT, :}
® R
SUNROUTIVE BESINT (Y,M,InT) -
REAL ¥, INT, BESSEL, JuUINT,J(47), Suv
INTEGER 4, EVNOD, ¥ ey
IF (N.GE.=1) G TN § , ol
PRINT,#ONCER TO0 SMALL,#* o
INY = P,0 A
RETURY -
S IF (N,NF,=1) O TO 12 o
INT & BESSEL(X,0) = (.0
RETUARN ool
10 IF (4.9E,) GO YO 20 oy
INT 8 JUINT(X) EYg
RETURN o
23 tF (X, 6T, 1E"9) g0 TO 2% N
INT & ven <.,
RETURN %
25 IF (%eCe1) 6O yn 3@ =
INY 8 1,0 = RESSELIX, M) et
RETURN - o
39 IF (N%E,2) GO T an ‘-",
INT 8 JAINT(X) o 2,0#8ESSEL(X,1) 3
RETURY . s
an EVNOD = AINT(N/2,0) = N/2.4 -
Jeiew) & RESBEL(%,P) ;k
J(1e3) = RESSEL(Y.1) i
U & 2,2
[ ]
. =18 DO LOGP FINDS WIGHER ORPERS OF MRESSEL FUNCTIONS -
* By THE RECURSION RELATION, SUUMING THE PROPER e
* TERMS AN 17 GOES, N
* .~h
D0 &S “a2,Nsi ‘o)
JCieM) 8 ((2,P0(M=1))/X)0i(1oMa]) o J(1eMa) ‘e
TFCEVNONEQ, (AINT(%/2,0) » M/2,0)) GO TO @S r
SUM & SUM ¢ J(len)
as CONTINUE -4
« o
i e NOW THO DIFFERENT EQUATIONS ARE USED DEPENDING ON o
* WHETHER THE Oangp 18 EVEN OR ODD, .
(g
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113
129

IF (EvNND,:F,2) GO T0 &P
INT 8 JOINT(X) o 2.08(J(1e1) ¢ SUM)
AETHAN

INT B8 §,0 @ J(1eD) = 2,881
RETURN
€D

INE FUNCTINt JoINT PERFARNE THE INTEGRAL FROM & TO

X OF Jeie), IF X € R, & TRUNCATED SUMMATIONN T8 USFD
wHilcH RIVES S DECe PLACE ACCiIRACY, FNR x > 8, A
POLYNOVIAL APPROYIMATION T8 USED,

FUNCTTION JINTC(X)
REAL uuv.vthon.su“.ntsstL.JFoJlo!.Jn!"t.XOVH
INTEGFR u.z.ustc.
IF (xeLT.0,0) Gn YO 10
XO0va = '/0
Jugur 8 g, i o (O 79708486 = (B, P1256420)/7(XOVBLXCVAY)
> nsluty e 8 74539A0)
> - e.g;;.?;/xnva e (P, 0080aN3S)/7(XAVELXOVARY(OVS))
» acoscx L 3.1053'06))/80.7(!)
RETUNN
suv = '.'.?.
wYe g ¥
0ofV¥In s §,0
J& = BESSEL(X,™)
J1 » BESSEL(X, 1)
NBlC ® 17w
00 11% 13),NB1C,8
N 8 SUr ¢ JiaNUWM/DENOM
NyM 8 NUMaY
DENDY g DENNNA(T2)
QUM 8 UM & JARHUMZDENOM
HUM 8 NiheX
DENOn g DENNNe(Te2)
SUM B SUM & JIeNUM/DENOM
NUM 8 NIuMeX
DEnOmM g NDENOMA(]ea)
SUM 8 Blin ¢ JOenUM/DENNN
NUM & NyMeY
NENOr g DENONe(T0a)
IFCCCARRCJIO) ¢ ABS(J!))'VU'ID!NON).LT 1E=6o8UM) €O 70 120
CONTIUE
JoINY g ¥e(Jdo ¢ sUM)
RETURN
END

TME FUICTION ¢nggSFfLe FInng THE AERSEL FUNCTINN WITW
ARGUWENTY X AND POBITIVE INTEGER ORDER N, RETURNING THE
VALYE In BESX, THE ARRAY SUNSCRIPYS OF JC ) ARE ONE
NIGHER THAr THE ORDER OF THE RESPFCTIVE FUNCTINN, SINCE
THE JC) 18 QT ALLOWED, THE RECUNSION RELATION 18 USED
FOR ORNERS HIGHER TMAN 1,

FynCrIOn SESSELLY,™)
REAL X,Y,HESR, mulglo,MMBgJ1,J(32)
INTERER M,N

AN

N
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"l
g§7 Na“SxsYy
13 IF (e pr v, 0) gh T0 19
Ay PRINT, sARGUVENT NF RESSEL NFGATIVEIRERULTS WRANG.#
}§. RETHURN

*
Ry . FOR LO4 ARGUMENTS AND WIGH NANERS, THE BERBEL FUNCYION
" RAYTINES RuUN 0Pt OF PRECISION AND STARY Tn GIVE ERRONVFNOUS

) ™ RESULYS. TN ALLEVIATE THIS, A TRA® I3 PLACED 7O SIIBSTITUTE
"y . THE SMALL=ARGUMENT APPRNYTMATION TA THE FUNCTION WHES
; . APPINPRIATE, THE FOLLOWING IF STATENENT DOES TwWIS,
yi8 L] .
é'_"‘ in 1If (('.L'.(NI"’.‘ND.(“.G'.‘), G0 TO0 128
b2 IF (i,NELY) GO TN SO

v AESSELEMBSIA(YX, IFR)

GO THh 120

Y Sy IF (N,NE,1) GO TH o0
. RESSELR MRS I (Y, 1ER)
B 60 To 12¢

o 60 IF (u,67,.=1) Gn 10 6%
{; : RESSEL 8 ~4un8Jy (X, IFR)
N RETUAN
n 6S Jt1)auunsso(x,TER)

JE2IRNYRS I (X, 1ER)

IF (X GV,1E~9) @GN 10 OF
BESSEL = », 08
RETURM
MW DO 100 183, Nt
J(1)((2.,00(1=2))/N)0J(1e1)el(l=2)
100 CONTINUE

.

s
(LS

(1

>

i

{g BESSELSI(Ne)
129 ;F (10 ,4E,129) 60 vn 130
128 Kﬁ}ﬂt.lﬂ(t!tL FUNCTION ARGUUENT TO0 BIC = AESULTS INVALID,.s
3]
£ .
B . CALCULATE wNv
) *
s no ‘27 ‘-l'“
Q. KuKel
127 COMNTY I E
, QESNELeC (B, SaX)eaN) /K
P 13" RETURN
fg (L]
e »
3‘; »
" *
oo~
Y
&
’mﬁ
fr‘-‘é

~
R B N, A
w! f\ q’-‘\n ‘.‘
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