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WR-10 BAND NOISE MEASUREMENT

1. INTRODUCTION

Millimeter wave systems being developed can provide many features that are not available at lower frequencies,
such as smoke penctration, directivity, and frequency selective transmission. Consequently, investigations of
millimeter wave systems have explored the use of Irequencies in the WR-10 band (75-110 GHz) for military
applications { 1]. Since the measurement of system noise is essential to the characterization of receiver sensttivity and
performance, our study examined the methodology of noise measurenents i the WR-10 band.

This report describes the theory, techmque, and results obtained from o developmental WR-10 band noise
measurement system. The system under development uses the Y-tactor technigue with frequency down-conversion.
Although the Y-factor echnique with frequency down-conversion is widely and successtully used to measure noise at
lower frequencics, calibration uncerainties in the signal source, standard noise source, and measurement Insruments
make it difficult 1o do at the WR-10 band.

A frequency locked-loop signal source was developed at the Naval Research Laboratory (NRL) to act as a highly
accurate local oscillator (LO) driver for a state-of-the-an single-ended mixer. The resulting signal source was tested
to determine how well it could step across the WR-10 band and lock within +10 Hz to a desired frequency. The noise
figure of the system was characierized during a month long evaluation to determine its stability. With the noise figure
established, the system was used to evaluate solid-state noise sources developed through NRL contracts. A technique
called Three Point Measurement (TPM) was developed and applied o determine the single sideband (SSB) excess
noise ratio (ENR) of a sohid-state noise source and establish the vahidity of less rigorous measurement technigues (e.g.,
double sideband (DSB)). Accuracy of SSB ENR obtined by the TPM technique is verified by comparing calculated
and measured values. The criteria, technique, and results for both the SSB and DSB are presented.

2. NOISE MEASUREMENT THEORY

t

.1 Noise Figure of Electronic Devices

Electronic devices contribute noise to signals propagating through a circuit. Noise results from thermal and
quantum instabilities occurring in the physical structure of matter. A figure of merit called noise factor F is used to
describe this phenomenon [ 2] The logarithmic expression of noise (actor, noise figure F g, ts often used inengineering
calculations of noise. F desceribes the noise contribution that an electronic device makes to the toal noise level carried
on the signal. Fis expressed as a quotient of the signal’s noise content (signal-to-noisc ratio) compared at the input and
output ports of the device. This relationship s expressed as

Sm/Nm
F= s N o
O 0
where S s input signal power (W),
Nip 18 1nput noise power (W),
S, 18 output signal power (W), and
NO is output notse power (W,

Manuseript approved March 30,1992
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Since noise s associated with thermal instabilities in matter, the noise factor of an electronic device varies with
ambient temperature. This characteristic results ina need to define a standard noise tactor Fy. Conventionally, the
standard noise tactor of an electronic device characterizes the device noise production at an ambient temperature of
T,=290°K [3.p. 41]. That is,

S. /N.
n in

= 2
S S /N (<)
0" o

0

T=T =270 K

Consider a two-port hinear device with an avarfable power gain of G. The output signal power is equal to the input
stgnal power muluplicd by the gain as described by
‘u - G'Sin' 3
On the other hand, the output noise power has two components: the input noise muluplied by the gamn and the
nuise added Ny by the clectronic device. Output noise power s mathematically and graphically described os

N = N;m + G- Nm, 1)

(8]
Substituting Eq. (3) and Eq. (4) into Eq. (1}, the noise factor then becomes

- . Ta:
Sin ( :\;ikl * ("\m)

F = . 1‘5)
('SinNin
Or
N ,+ GN
. ad 1n
I< = R ¢
GN (6)
in

Since Ny 1s always o posiive quantity, the noise factor of an ehectronie deviee s adways greater than unity. or
the noise figure, F.m = 10 log (F). of an clectronic device 1s always greater than zero.

Equation (6) shows that the noise factor of a Device Under Test (DUT) 1s a function of the input notse as well as
the gain and the added noise. However, the cquation 1s impractical since 1t is difficult to measure the noise entering
a device. To avoid this difficulty, the concept of thermal noise s introduced.

Consider the case of a resistance Ry ata temperature of T 9 K. This resistance is a thermal noise generator. The
noisc gencrated by Ry is nearly Gaussian and white in nature {3, p. 33]. 11 the resistance Ry s connected 10 a maiched
load resistance R, then, according to the Rayleigh-Jeans approximation o Planck's law of thermal radtation [3. p.
441]. the noise power P delivered by the generator R, to the resistance Ry s

Pk T BWalls, 7

n

: . ) REEW .

where K is Boltzman's constant (1.381x 10723 W-s/2 Ko,
T 1s temperature of source resistance (Y Ky, and
B is bandwidth of noise being considered (Hz).

Equation (7) shows that the amount of notse power m a bandw idth s a hinear function of the absolute temperature
of the source umpedance.,

Consider now that the DUTT SV imput nogse s equnvadent to the thermal nose generated by aresistance R at a room
temperature T, That s,
N k1 i BOWts. (%)

(M1

e
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Substituting Eq. (8) into Eq. (6) yiclds

N,y*k-B-G- T/

F= kK-B-G T, ° )

Equation (9) can be used to determine the noise factor. The Signal Generator technique applics Eq. (9) directly
to noise measurement. The numerator 1s obtained by measuring the DUT’s output noise power with a source
resistance at the temperature T, attached to its input. On the other hand, evaluating the denominator is difficult since
it involves determining the gain bandwidth product of the DUT [4]. This difficulty limits the usefulness of the Signal
Generator technique in noise measurement.

To overcome the ditficulty presented in the Signal Generator technique, Eqg. (7) 1s mampulated turther. The
following mamipulation of Eq. (9) becomes the basis for the commonly used Y-tactor technique for noise
measurement.

According 1o Egs. (4) and (7}, the total output noise power N of DUT is

Ny " Nyk-B-G-T. (10)

Assuming that the gain G is a constant over the temperature range of interest, then Eg. (10) has the form of a
straight line with a slope of kBG as deseribed in Fig. 1. The slope of the straight Tine in Fig.1 can be determined if
coordinates of two ditferent points on the hine are known. Coordinates of two different points on the line can be
obtained by applying a source impedance o the DUT input at two different wmperatures and measuring the output
noise powers of the DUT at these two temperatures. Suppose that the two temperatures are Ty and T, and their
respective output noise powers are Ny and N as deseribedin Fig. 1 According o Eq. (105 the relationships between
these temperatures and their respective outpul notse POWLTS are

Nh - Nud*k'B‘GATh b
and
Nk E Nad*:ka-G-'l‘C. (12)
N (W)
7~

_~Txna

0 | ] >
0 T, T, T("K)

Fog 1 Thermal noise power vs temperature of source impedancee
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The slope of the line 1s the power’s rate of change with respect o temperature of the source impedance. That is,

AN

Slope = AT (13)
which is the same as
N, - N
> = 4
Slope T, T, (1
1 C
N4 can be solved from cither Eq. (11) or Eq. (12). If Eq. (12) is chosen, then
N,y = N~k BGTL_. (19
By substituting the slope from Eq. (14) for kBG in Eq. (15), we get
(N, -N)-T
. h ¢’ ¢
Nad = NC - T} T (16)
1 <
or
(T, =Y T -N_
] —_
!\ud - T -T : (7
1 C
where Y is the ratio of Ny to N (Y = Np, / N hence the method is called the Y-factor method.
Substitute Ny of Eq. (17) into Eq. (9)., and after algebraie manipulations, the noise factor becomes
(T/T) =1 =Y (T/T)) -1
F = .
Y -1 (1%
Expressed in terms of noise figure. Eq. (18) becomes
i Ty T, ;
FdB = 10 log [T - l]— Y- [T - IJ - 10 log(Y-1). (19)
0 Q .

To simplify the procedure, either Ty, or T, can be set to room temperature T, 1Ty, is equal to T, then Eq. (19)

0
becomes

T,
Fog = 10 log Y- (l - ch - 10 log(Y-1). Qo

O

On the other hand. of T, 1s equal to T, then
T .

Fop o 10 logl " 1J" 10 log (Y - 1). on

T

O

The first erm on the right-hand side of Eq. (21) 15 equivalent to the ENR in dB, of a noise source that has output
powerin ON and OFF states equal to thermal notse power generated by a source resistor at temperatures Ty and T,
respechively [S]OIFa noise tigure measurement s performed with a noise source whose ENR is known, then the noise
freure of the DUTT can he expressed m terms of the norse source s ENR and Y -factor as shown in

Fop BNROI0 dop iy 1) (22
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where  ENR s the excess noise ratio of the noise source used in the measurement (dB),
Y is Nh/Nc; or Non/NotT-
N, is output noise power of DUT when the noise source is in cold (or OFF) state (W), and
Ny, is output noise power of DUT when the noise souarce is in hot (or ON) state (W),
2.2 Excess Noise Ratio of an Unknown Noise Source
Once the noise figure of the measurement system is known, the ENR of a noise source can be determined by
applying the noise source to the measurcment system. The Y-factor is measured and substituted in Eg. (22) 0

determine the ENR. That s,
ENR = FdB + 10 log (Y - 1. (23)

3. NOISE MEASUREMENT TECHNIQUE

Frequeney down-conversion is an approach used to make noise measurement at high frequencies by using
current technology.

31 Frequency Down-conversion

AL WR-10 band. the frequency down-conversion can be accomplished by using a millimeter wave mixer as
shown in Figr. 2

Uncharacterized Known
Notse Source Noise Source

RF Port VRF(l)

75 - 110 GHz LOPort | Millimeter Wave | 1F Port Receiver
Sigznal Source ] Mixer ——
Vi Vig®

Fig. 2- Block diagram of measurement system
201 Double Stdeband Conversion

Suppose that the input norse and 1.O signal 1in Fig. 2 are defined as

VRF(” = n(t) ~Acos[mRFl]

and

VU)“) = Bcos [(x)Lol].

Then, according to the freguency conversion theory (Appendix Ay, the down-conversion lntermediate Fregqueney (1F)
signal iy

Vi (b Cnitycoslo (26)

TR
where

) A B
. > - .)
e Dar O and  ( 5 (27)

N
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That is, the RF signals at the two frequencies as described in Egs. (28) and (29) are down-converted to the same
IF. For upper sidcband:

[0} = + W (2¥)

RF LLO IF:
and tor lower sideband:

“ = -

ois
RE = ©PLo ™ “iF (=9
Noise at the frequency of interest can be down-converted to the available IF by tuning the LO frequency
according to the relationship in Eq. (27).

Thus, the IF signal Vg0 in Fig. 2 s a result of the conversion of the upper RE signal (upper sideband) and the
lower RF signal (fower sideband) to the same TF. Henee, @ measurement implied by the block diagram in Fig. 2 isa
double sideband measurement. This DSB characterization complies with the noise calibration procedure developed
by the Nattonal Institute of Standards and Technology (NIST) [6].

312 Single Stdeband Conversion

SSB characteristics of a noise source can be determined by inserting a filter at the RE port of the mixer so that
one of the sidebands of the RF signal is rejected. This method is extensively and successlully used in noise
measurement at low frequencies. However, it s difficult to accomplish in the WR-10 band because of the fimitation
ol current technology for the band (Appendix A).

Anaother method to characterize SSB ENR of a noise source is the TPM method. This method actually relies on
DSB measurement implied by the block diagram in Fig. 2. The characterization is done by measuring the noise source
power in groups of three LO frequencies and two IFs so that the results yield a system of three hinear equations with
three unknowns. The three unknowns, i.e., frequency down-converted versions of the noise source power at three RF
frequencics, can be solved by this lincar system. This method requires that the system have “identical”™ performance
at the three LO frequencies and two IFs. Otherwise, there will be more than three unknowns in the three equations
{Appendix A).

3.2 Receiver

The receiver section includes an amplificr, a bandpass filter, and a spectrum analyzer. The amplificr is needed (o
amplify the [F signal above input threshold of the spectrum analyzer so that it can be detected. The frequency down-
conversion loss and the ampliticauon of mput noise make detected noise power no longer the truc power of the input
noise. However, these processes do not attect the noise measurement since Y -factor is a relative value between the
ON and OFF powers of the noise source. That s, Y-tactor is the ratio of the detected power when the noise source ts
ON 1o the detected power when the notse source 1s OFF, Thus, af the gain factor is the same in both the ON and OFF
states, then it will be cancelled out in the ratio, The bandpass filter chiminates the presence of mixer harmonics that
waould alter the result of power measurements. Consequently, the measurement ts only of the in-band noise passing
through the system.

3.3 The Measurement System

5

S20 System Descripion

Figure 3 1s the system block diagram that deseribes the apparatus used to characterize the noise sources. This
system expresses the current state of the technology i componenis, The system is controlied by a computer that
commuricates with the restof the system via the TEEE 488 bus. The system uses a Ka-band vitriume-iron garnet (YIG)
osarllator o provide the baseband RE for the frequency-stabilized LO. The YIG s tuned to a frequency through the
host computer that establishes the frequency by adjusting the current supplied 1o the YIG. This provides coarse
tumny. Fine tuming s ostabhshed by referencing the down-converted RE signal to a 10 MHz reference signal. A
microwave ~svothestzed signal generator operating at 8.6-13.3 GHy s used as the LO to perform frequency down-
comersion of the sampled Baseband signal. The down-converted sipnal s divided and maned with the divided
retorence stenal. The resulting TF signal s tiliered o remove harmonies. The error signal is then converted o a small
drive current tor fine tuming




The RF signal passing through the main line of the coupler passes o an amplitier and is then multiphied to
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produce a signal in the WR-10 band. The signal is then atenuated as necessary with a variable atienuator.

Ka-band

NOse
Source

Coupler LO RF
: W-Band Lo
P\';rhund Ty obne h—g  Aten- N
YIG oscillator Inipler uator Mithimeter.
‘ wave
j RF - mixer
E = Harmonie mixer
BN b NNV 4 IF Amp.
g z IF
= : ”M
~’
LO-3
Low- . Do
b 300 7B Low-Pass
out
3
(doy
Amp. High-Pass
10
Current 10N, Microwave W-band Spectrum
Source Reference | Syvanthesizer Counter Analyzer
(8.6-13.3GH.
IEEE-488
Host Computer
Fro b Comporent dogram o WR OO ionse measurement system
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The resulting signal acts as the LO that is mixed with the noise source. The LO and noise signal are coupled and
pass into the RF port of a single-sided WR-10 band mixer. The resulting IF signal is amplified and filtered to remove
out-of-band harmonics. The power is measured with the spectrum analyzer. The frequency counter in the systemn is
used solely to monitor the stability of the WR-10 band LO signal and is not essential to the operation of the system,
The stability of the system is based on the use of a synthesized signal that is stable w + 1 Hz. The frequency stability
resulting at WR-band 1s +9 Hy, which is pimanly a result of multiplications used within the system.

3.3.2  Description and List of Required Components

To achieve the desired results, the individual components used in the mcasurement sysiem must have the
following minimal characteristics:

Sundard Noise Sources: Both Hot/Cold and wideband gas discharge tube noise sources are needed. The
requirements for these standard sources are that their noise production parameters must be well known and stable.

Signal Source (LO): The output frequency of this source should be stable ¢nough o provide accuracy to the
mcasurement. The mixer’s LO specifications should be used to determine the signal source power requirements. This
1s 4 cntical constraint because lower LO power will cause excessive losses and increase the noise figure of the muxer.

Mixer: The milimieter wave mixer 1x used 10 down-convert noise 1o the frequency range that can be monitored
using current technology. The mixer should have the lowest loss/noise available. Higher loss/noise charactenstics
require higher LO power inputs caused by the increase in conversion losses.

Receiver: The receiver section contains an [F amplifier, a bandpass filter, and a spectrum analyzer. The IF signal
s amphified above the input threshold of the receiver. The filter network rejects harmonics produced by the mixer.
Noise power is detected by the spectrum analyzer. The receiver should be lincar in the range of measurements,
otherwise errors are introduced into results,

Table 1 provides a full Iist of components used in the measurement systen,

Table T - Noise Measurement System Components

nly
1
!
!
l
I
!
!
!
|
l
1
!
1
|
!
!
!
|
]

Ax necded

Description

Unknown noise source
Unknown nois¢ source
Liquid Nitrogen load
Termination

Gas discharge tube
Ka-band YI1G oscillator
Synthesizer

W-band tripler

W-band attenuator
Ku-band coupler
Microwave harmonic mixer
Microwave amplificr
Dirccuional coupler
Single-ended mixer

IF amphifier

Filter 10 MH7 high pass
Fiter 500 MHZz tow pais
Spectrum Analyser

Desktop comput r w/AbEE-4X8

Power supphies

Noise Com Inc.
Marconi

Alpha Industries, Inc.

Hewlett Packard
CP Clare Corp.
Avanick
Hewlett-Packard
Hewleu-Packard
Hughes
ACTowave
Hughes

Avanick

Hughes
AMillitech

Mitkqy.

K&l

Munt Circunt
Hewlew-Packard
Hewlett-Packard
VATTOUS

Part Number
NC 65910
DAY708
575W
Wwo10-C
TN-165
AV-26240
8340B
8ST00W
45726H-1000
28-3000/10
4744 1H-2002
SEFT84-2408
4546H-1310
MXW-10T-002
AU-3A-0150
SLLH3T-10/500
SPL 550
85668

921
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3.4 Noise Figure Measurement

Four methods of noise figure measurement were considered. They are: HoyCold sources, discrete trequency
noise tubes, gas discharge tubes, and IF substitution. Al o these methods are based on the Y-tactor technigue but
rely on different standard noise sources and are procedurally difterent,

341 ot Cold Louds

This method relies on being able to accurately acquire the temperatures ol the standard nowse source m both the
OFF (T.y and ON (T} states. The Hoy/Cold source approach requires two loads (waveguide terminatons). One 18
mmmersed i a high-temperature bath and s referred to as a hot source. The other s immersed ina low-temperature
bath and is referred 10 as a cold source. Usually, boiling water and liguid nitrogen (N5 are used tor hot and cold
sources because of their accurately known critical temperatures and availability. The micthod achieves high accuracy
hecause 1t uses accurately known emperatures. However, this method is time consunung, because all measurenients
must be made under manual control.

The Y-factor is determined by the tollowing procedure: apply the hot source output to the RE port ol the mixer,
adjust LO o the desired frequency . measure the output noise power, and record this value as Ny - Switch the RE port
ol the mixer w cold source measure the corresponding output noise power and record itas NI the measured powers
are i watts, then the Y-tactor can be obtamned directly by Eq. (30), It these measured values are in decibels, then the
Y -tactor can be calculated by Egs. (31 and (32).

Y o NN (30)

Yag = Ny NG (1)
SRUaI)!

Y - 10 B (32)

Once the Y -tactor at a frequency 1s known, the notse figure of the measurement system at that frequency can be
determined by solving Eq. (19 tor Fyp. That is,

T
[ N
Yo 5

Q 7 0

: / .
Fag = 10 log ‘\T - 10 log Y - ). (33)

The notse tigure of the measurement system in the entire WR-10 band 1s obtained by stepping the 1.O frequency
across the band and repeating the above procedure.

Switching between hot and cold source i the above procedure 1s very time consunung. It can be eliminated by
the following procedure: apply the hot source to the RE port of the mixer, step the LO signal 1o the desired
trequencies, and record the noise output powers. Repeat the procedure tor the cold source. Apply the data to Egs. (32)
and (19) to obtain the notse figure for the measurement system at cach frequency.

342 Discrete Frequency Noise Source

A diserete frequency notse tube can be used to characterize the measurement system at the frequency at which
the tube s calibrated. To make the notse figare measurement, the output noise must be measured with the noise tube
ON (Npy and again with the notse tube OFF (NG Depending on the measurement units, mW or dBmy, cither Eq. (30)
or Eq. (31) s used with Eq. (32) 1o calculate the hincar value of the Y-tactor as desenbed in the HovCold source
muthod. Once the lincar value of the Y-factor is known, the noise figure is determined by solving Eq. (22 for F .
That s,

I ENR 10 Jog(Y D) (34)

dB

where PNR s the Bxeess Norse Ratio o the nose source tube provided by the manutacturer.
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Because a discrete frequency noise tube covers only one frequency, full WR-10 band (or a limited frequency
band) coverage would require several of these sources. Although some discrete trequency sources are available, not
all frequencics are covered. It would be extremely expensive Lo develop sources o cover all frequencies individually.

343 Wideband Gas Discharge Tube

The gas discharge tube method uses an electronic tabe lilled with a rarcticd gas under pressure. A gas discharge
tube produces a relatively stable ENR. The ENR of a gas discharge wube depends on the type of gas used; it ranges
from 15 dB for mercury or argon and up to 22 dB for helium. With a gas discharge wbe output Mange connected to
the RF port of the mixer and the LO {requency set, output noise power is measured with the gas discharge tube ON
(N},) and again with the gas discharge tube OFF (N_). The tube is tumed ON and OFF by turning its power supply
ON and OFF. The two measured values are then used to calculate the Y-factor and noise figure of the system as
described in the discrete gas discharge tube method. The procedure is repeated by stepping the LO frequency across
the band o obtain the notse figure at cach measured frequency in this hand.

344 IF Substitution

The difference between this method and the others is that the Y-factor in this method is determined by means of
a precision attenuator inserted in the line carrying the IF signal. To determine Y-factor at a frequency, apply a noise
source 1n the OFF state to the mixer RF port, set the LO to the desired frequency, then adjust the attenuator so that
the IF signal i1s detectable on the power detector. Next, turn the noise source O and adjust the attenuator until the
same power level is reached on the power detector. The difference in the attenuation level of the precision attenuator
15 the decibel value of the Y-factor. Equation (32) 1s used to solve for the lincar value of the Y-factor. The notse figure
is determined by solving Eq. (19) if a Ho/Cold source 1s used or Eqg. (22) if a gas discharge tube is used. The
procedure s repeated at the desired frequencies in the band.

The IF substitution method has an advantage over the Hot/Cold source method in that it requires fewer
calculations. However, it is even more tme consuming because the precision attenuator has 1o be adjusted at every
frequency. Also, the precision atienuator must be lincar, otherwise error 1s introduced into the results.

Both Hot/Cold and wideband gas discharge sources were chosen o characterize the noise measurement system,
The Hoy/Cold noisc source was chosen because it yiclds the most accurate results. The wideband gas discharge wbe
was chosen because it provides a flat and relatively large output ENR. Results oblained from the two slandards were
compared to cach other 1o ensure the accuracy of the charactenzation. Note that since the notse figure of a device
varics with ambient temperature T, T, was stabilized as much as possible throughout measurements 10 achieve
accuracy.

3.5 ENR Measurement

To comply with the NIST noise calibration procedure, the noise sources are characterized by DSB measurement.
SSB characteristics of the noise sources also are d=termined by the TPM method. The accuracy of the DSB ENR
related to the SSB characteristic of the source can then be established.

351 DSBENR

In DSB mcasurement, it s important 1o choose the correct TF for the best results, particularly 1f the response of
the noise source with frequency has significant variations,

The 1O frequency is stepped across the frequency band, and the noise is measured in the ON and OFF state for
cach frequency increment. The Y-factor 1s calculated from these data. The ENR of the noise source is determined
from Eg. €23 tor cach frequency. The result is a DSB characterization of a noise source in a specified frequency band.

482 SSEB ENK

The TPN micthod s chosen o determime the SSBENR of the noise source. The 1O power at frequencies
throavhout the hand ot interest should e measured, because the power Tevel is referenced i the method (Appendix
A

10
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The TPM deviates from the DSB technigue by the requirements tfor noise measurement in groups ol three LO
frequencies at two IFs. Three hinear equations result. From the three lincar cquation system, the SSB noise power is
obtained for Ny and N.. The Y-factor is calculated and the ENR of the noise source is determined from Eq. (23).

4. MEASUREMENTS AND RESULTS
4.1 Noise Measurement System

The noise figure of the measurement sysiem was established by using two different measurement standards (gas
discharge tube and Hot/Cold load) and comparing the results.

4.1.1 System Noise Figure with Gas Discharge Tube

Faltowing the procedure of Appendix B, the system noise figure was measured five times at two different 1Fs 1o
study the stability and consistency of the system performance. The gas discharge tube used in the measurcments was
the CP Clare TN-165 (Scrial #3J030). The gas tube was calibrated at Y3 GHz and the ENR was established as 14.2 +
(1.5 dB.

Figures 4(a) and (b) show the system noise figures at two IFs, The scale was chosen 1o accommodate their
comparison in fater sections.
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Fig. -4a) System noise figure with gas discharge tube at fjg = 200 MHz

Comparing Fig. 4(a) to Fig. 3(b), we see that the system noise figure at fjg = 200 MHz is less stable than that at
fip. = 400 MHz. [n the interval from 77 GHz w0 107 GHz, the largest difference between the noise figures at fjp = 200
MHy7 is about 2 dB (at 97 GHz), while at other test points they differ from cach other by about 1 dB. On the other
hand, the system noise figures at fip = 300 MHz are very stable and they agree with cach other 1o within 1 dB. The
mstability of the system norse figure with fip: = 200 MHz was experimentally determined as a characteristic of the
single-ended muver. The tluctuation above 107 GHz was related to the available 1O power. The 1O powers at these
frequencies were determined o be insufficient to drive the mixer. As a result, the mixer was underdriven and
operating under unstable conditions. Measurement errors were another source of the deviation. For Y-factor
measurement, this can be as much as +0.25 dB. With the amount of the measurement error, the deviation in the system
notse figure becomes +0.35 dBLusing an ENR of 1.2 dB and a typical Y-factor of 5 dB.
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Fig. 4(b) System noise figure with gas discharge tube at fjp = 400 MHz
4.1.2  System Noise Figure with Hot/Cold Load

Figure 5 displays the system noise figures obtained from Hot/Cold load measurements. An Alpha Industries
cold load 575W/387 (Scrial #44) was used. At cach IF, an average system noise higure obtained through the gas tube
measurement procedure is also presented for verification.
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In Figs. S(a) and 5(b), the system noise figures obtained from the two standards agree to within the measurement
uncertainty (+1 dB) except at the two ends where the mixer was underdriven. These two regions, however, are small
comparcd to the rest of the band. From the graphs in Figs. 5(a) and 5(b), we can conclude that the operating bandwidth
of the system is from 79 GHz to 107 GHz. Since the Hot/Cold load is used as the standard, the resulting noise figure
obtained from measurements made with this source 1s used to establish the system noise figure. The ENR of solid
state noise source 1s determined using this system noise figure in all calculations.

4.2 DSB ENR of Solid-state Noise Source
421  DSB ENR of Marconi Noise Source

Figures 6(a) and 6(bh) present the measured DSB ENR of Marconi noise source DA-9708 (Scrial #001) at fjg =
200 MHz and fjg = 400 MHyz, respectively. The two graphs also provide data by Marconi for comparison.

From Figs. 6(a) and 6(b), we find that the DSB ENR of fjg = 200 MHz is less stable than that of fjp =400 MHz.
We expected this result because the system performance at fip = 200 MHz 1s less stable than that at fjg = 400 MHz.
As in the case of system noise figure measurement, measurcment errors contribute to the differences in the data. The
values of the five measurements at fig = 400 MHz agree at most frequencies (o within the + 0.25 dB margin of error
cstablished for the experiment. Instabilitics in the measurement system add to the measurement error for the fig = 200
MHz. Nevertheless, the five measurements at the two [Fs agree to within #0.5 dB. Since the system was more stable
at fjp = 400 MHz, the measured ENR using this [F was chosen to calculate the excess noise produced by the notse
source,

The differences between the measurement results and the Marconi data can be explained from the fact that
Marcom may use a different 1F i measurement and use a different measurement system. These factors will yield
shghtly different results in the DSB ENR measurements, as discussed in Appendix A
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Asindicated in Frgs. 7y and 7ehy stmalar results were obained at the two IFs as in the case of the Marconi noise

source. However, both the stability and power of the output ENR of the Noise Com noise source are less than that of
the Marconi noise souree.
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4.3 SSB ENR Determination
430 Measurement Apparatus and Rexulis

The SSB ENR of the solid-state noise source was determined by followimg the TPM procedure in Appendin A
Expenimentally . the Mithtech double-balanced nuxer imaodel numiber MXP- 103 and Watkins-Johnson signal sources
(WI-TRSP, WI-860P, WI-950P, and WJ-030P) were chosen o sausty the condition of “identical™ performance at
three LO frequencies and two IFs ina measured group. The double-balanced mixer was chosen because its 1F
response is flatter than that ol the single-ended mixer. A charactersstic of this mixer s that it requires i large LO power
(13 dBm typical). Waikins-johnson signal sources were chosen 1o drive the mixer because their output powcers are
larger than that of the trequency locked-loop O source developed at NRL However, the Watkins-Johnson sources
sull do not have enough power to drive the mixer in the upper end of the band. The system noise figure was measured
by using the CP Clare gas discharge tbe TN-165 (Serial #33030). The noise source characterized was the Marcom
solid-state noise source DA-9708 (Serial #001),

Figures 8 and 9 present the system notse figure and the Marconi noise source SSBENR. Note that the
measurement was done at two s (200 and 400 MH/) as explained i Appendix AL
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492 Analvan

In Fig. 8, notce that the system notse figure rises shaply at about 95 GHz. This 1s because the power level of

i LO~ource was notsufhicient @ drive the mixer at the upper end of the band. The wdenucal performance condition
lor the TPM was not perlectly satisfiod; ce., the system noise figures at three LO frequencies ina group difter from
cach other. This vanation produces maccuracy i the measurement. These inaccuracies are discussed later i this

seeton
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Fig. 9 Measured SSB ENR of Marconi noise source

Figure 9 shows the SSB ENR of the Marconi noise source. Notice that the SSB ENR at 95.4 GHz differs from
that at > GHz by more than 4 dB. This abrupt transition of the output ENR seeims unlikely to be a characteristic of
the sohd-state noise source. The explanaton hes in the fact that the last data point is in a cut-off region of the responsc
curve of the muxer, resulung from the LO underdriving the mixer. As a result, the data for 95.4 GHz is invalid. In fact,
data i the whole group (at 94.6 GHz, 95 GHz, and 95.4 GHz) can be omitted since they were obtained from the same
cquation system. The accuracy of the measured SSB ENR, however, should be verified by another measurement. The
DSB ENR of the noise source can be cither caleulated from the measured SSB ENR or measured directly, as in
Scction 4.2. The two values are then compared. Note that the ENR is a characteristic of a noise source; it is
independent of the measurement system. Therefore, if the measured DSB ENR obtained by using another sysiem
agrees with the calculated values, we can conclude that the SSB ENR obtained from the TPM is accurate.

In the process of solving the linear equation system, the ON and OFF levels for cach RF [requency were

determined. From these ON and OFF levels, the DSB ENR ol the noise source is calculated. Table 2 shows the
calculated DSB ENR from the data of SSB ENR at 79.6 GH/, 80O GHz and 80.4 GHy.

Table 2 — Calculated DSB ENR

Mcasured SSB ENR Calculated DSB ENR
REFreq(GHz  ON Jevel (mW) OFF level (mW) LO Freq.(GHz) IF Freq. (MHz) Cal. DSB ENR (dB)
79.6 27652 2205 798 200 18.08
X0.0 4007 2139 80.0 400) 18.19
S04 NIARD 1821 80.2 200 18.72
This means that it the LO tregquency s tuned o 798 GHz and the TF of the recerver is 200 MH/, then the

calvabted DSBENR resulis tromthe down consersion of noise powers at 79.6 GHz and 80 GHZ 10 the 200 Mz IF,

Vol

} \Ri'\ﬂ clOy TGl \f'” POy TaNGH, * |H|H§j[‘(27(\§:* L0005+ 2150y - i
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=6.90 + 10log[((27632+330071/(2205+2159)) - 1]
= 188 dB

However, if the LO trequency is tuned o 80 GHz and TF 15 300 MH/, then the calculated DSB ENR results from
the down-conversion of noise powers at 79.6 GHz and 804 GHy 1o the 300 MH/ IF. The calcutated DSB ENR with
fLoy = 80.2 GHz and f{ = 200 MHz is obtained in this sanmie manner,

In the DSB measurement setup, the down-conversion nuxer s a Milhitech single-ended nixer (MXW-104 and
the LO s the frequency tocked-loop source that was developed at NRL. Figures 10 and T display the system noise
figure and the measured DSB ENR of the Murconi noise source.
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Fig. 10 Svstem noise figure with single ended mixer and frequency locked-loop as LO

In comparing Fig. 1010 Fig. ¥, note that the system noise figure of the setup with the single-ended mixer for direct
DSB mcasurement is ahout 4 dB larger than that of the setup wath the double-halanced mixer for TPM. Howevcr, as
stated previously, the ENR of a noise source should not depend on the measurement system, and agreement between
the calculated and measured DSB ENR is expected.

Figure 11 displays the expected result. Despite using two different setups with two different noise figures, the
calculated and measured DSB ENR of the Marcont noise source closcly agree 1o cach other. As explained carlier, the
first and last three caleuluted duta points can be omitied because they were obtained in an arca of unstable operation.
Other data points agree 1o within +0.5 dB: in fact, many of them agree 1o within +0.25 dB. The differences between
the two sets of data are explamed from the fact that the calculated data was obtained by the TPM method and the
wlentical performange condition was not satisticd at all measurement frequencies. Other factors such as measurement
crror and component ditterences contribute o the noted deviations, However, within an alfowance of +#0.5 dB, the
two cunves avree. Therefore. wath the aifowance, we conclude that the SSB ENR obtained from the TPM method 1s
acaurale.
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Fig. 11 Caleulwted and measured DSB ENR of Murcon noise source

S, SUMMARY AND CONCLUSION

A WR-10 noise measurement system was developed based on the Y-factor technique with frequency down-
conversion, The frequency down-conversion is accomplished by using a millimeter wave single-ended mixer. A
signal source with a capability 1o step across the WR-10 band and fock to the desired frequency o within +10 Hz was
developed to serve as a highly accurate LO driver for the single-ended mixer.

The system noise figure was characterized with standard noise sources: a wideband gas discharge tube and Hov
Cold load. With an allowance of +1 dB for experimental crror, the system noise figures obtained from the two
standards are strongly correlated. This establishes the consistency ol the system. The repeatability of the system
performance was venfied by five measurements at two IFs with the gas discharge wbe. The results show that the
system has the desred repeatability at 1F = 300 MHz. The only unsatisfactory feature of the system is that the
operating bandwidth does not cover the entire WR-10 band, although 1t covers a large portion of the band: i.¢., 79 -
108 GHz. This 1s because the O output power at the two onds of the band was very small and the mixer was under-
driven. Advances i mithmeter wave technology have made it practical w replace the existing baseband source with
a source that produces samlar output power but improves the system bandwidth. Future work will incorporate the
newer YIG source that operates from 25-37 GHz.

Solid-state nose sources developed under the millimeter wave program were evaluated with the WR-10
measurement system. The noise sources were evaluated based on their DSB characteristics to comply with the NIST
notse cahbration procedure. The Three Point Measurement was developed and applicd to evaluate the SSB ENR of
notse sourees. The solid-state nosse source DSB ENR evaluation showed that the Marconi noise source produced a
repeatable output ENRL 0.5 dBanexcess of 15 dB. On the other hand, the Noise Com noise source produced a less
stable and lower output ENRL The Notse Com notse source also has a narrower bandwidth. These properties make
the Noise Com nose source unaceeptable. The SSB ENR ol the Marconi notse source was also evaluated by the TPM
micthod. The accuracy of the TPM was ventficd by comparing tie calculated DSB ENR (calculated from the measured
SSB ENRY to the directly measured DSB ENRU Agreement was within +0.5 dB.

Inconclusion, WR- T nose measurements were accomplished by the system developed in this study. The results
of this study indicaic that rescarch Tor ligher outpat power baseband source should be continued o improve the
svstem handwdth. [naddition, considering the constraints on osciltator output power, advances may result from
roscarchanto mmprosng the conversion etticiency of nixers and multiphers, or from amphtier improvements. Also,
the development of a tundamenial WR-T0 sienal source could be used to mprove the operational charactenistics off
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the system. The measurement system will be integrated in a ficld measurement test set. A preliminary study shows
that VX1 (VME cXitended Instrument) is a desirable approach because it provides the portable and automatic
propertics necessary for an operatonal environmient. Further study on the feasibility of using the VXL instrument o
accomplish the goal is recommended.
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AUWR-10 band, frequency down-conversion can be accomplished by using a mitlimeter wave mixer as shown in
Fig. Al

Appendix A

FREQUENCY DOWN-CONVERSION
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DOUBLE SIDEBAND MEASUREMENT
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Block diagram of measurement system

Basically, a mixer s realized in practice by a square-law device as shown in Fig. A2. The time domain transfer
characteristic of this device s

5
Y -?A'\'i(l)fB-[vi(l)] (Al)
where A and B are constants of proportionality and
VoD v D e v, () (A2)
v
|
- +
@ v, Square-law | i, (0
+ 8 - Deviee
vy
Frg A2 Mixer asasquare law deviee
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I vy and vt are detined as
Vol \'1(()-k'u\‘l('.)lli (A
and

Vot Vo cos ot (A

then, atter substitution, Eg. (A1) becomes

1AL - AV

Al A
X lu)\'[(«)l[i - V,cos w,t]) - B\'Tu),\ I(s)lll‘ IAS)

3 hl
+ B\"Eu)s Iu)zll “ -2 BY I\’lm\ ]mll] COS !"’2"} .

Usually, the first four terms in Eg. (AS) are notol imterest i signal processing and they are removed by tltering.
The fust term in Eg. (A3 s called the product term and ot produces the desired frequency converstons. Using d
trigonometric identity, the product term becomes

2B \"l‘.',cm{;o

tteos oyl - B \'l\’,(m(i{m wyt + B Vl\r,CU,\(((x)

| 3 - (1)1)1) ). 1AO)

i

Complete analysis of a mixer can be found in communication exts. ™ For our purpose, frequency Conversion may
be analyzed by considenmyg the muxer as a signal muluplier, as shown i Figo A3 In this model, the multiplier
produces the product term as deseribed in Eq. (A6 and the bandpass filter rejects the unwanted signal produced by
the mixer; Le., the last termoin Eqo (A6).

Mulupher

Incoming noise i ViE (U
Bandpass Filter >

LO Source

Fig. A3 Simple model of a nuxer as a muluplier
Suppose that the incoming noise Vg pttyan Fig. A3 has the form

Vigp (o niycostw, )i, (AT)

RF

where it s the norse sienal and oy s an arbitrary angular trequency . Also, suppose that the output signal of the

O source Vo s

Ve Acos{m, L), (AR)

1O 1.O

where A s amphtude of the LO output. By the use of the trigonometnie sdentty, the output ot the muluphier Vot is

*FBorevample, see RO Watlians Comprone atoons Seoterns Anadosy and DesigniPrennce Hall, Englewood Chfts, NI 1987).
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Vol o= ndtcos| ((z)R[:}l] SACOS (W ) (AY)

Lot

Vit o= 050 - Acos (o )

LO kil U 0500 Acos (e

Lo (’)Ri‘)”' (ATO)

On the night-hand side of Eq. (A10), the tiest term is the frequencey down-conversion and the second term s the
frequency up-conversion of the ortginal mcoming nowse. The origimal meoming stgnal is now distnibuted at two
frequencies: (my () - WRE and (W + orer These Trequencies are reterred o as mermediae fregquencies wyg. we.,
tor freguency down-conversion

) (AL

=W O]

Ik [.O) RF

Eguation (AT shows that the inconung noise distnbuted below the 1.O frequency, atwyp: apart, has been down-
converted to the frequency wip. The lower sidebund charactenstc implicd m Eq. (AT becomes clearer il we
rearrange the equation as

© (Al12)

RF “LO

Applying the same tnigonomietric sdentity o B cAY10we show the upper sidebund of the incoming noise 1s abso
down-converted w the same [F e,

Vo OD3nth - Acos| (o o, =050t - Acos [ (©

RE TS + (1)

). (A13)

R¥ 1.O

The TFas shownan g eAT3) as

0 0] (Ald)

¥ RE YL

The bandpass tifter i Frg. A3 is to pass the signal centered at the mermediate frequency o the IF port of the
mixer. Thus, by combining Egs. (AT and (A B, the resulting down-converted IF signal Vgt is

\"”; Coney) cos|w (AL5)

et

where

W, - - ()

[F RF (AT6)

LO -
Note that absolute value notation s used in Eg. (A T6).

Constant Can B tA TSy s a charactensue of the mixer inuse. However,a mixer s not specified by this constant;
nstead tas specihied by o guaniity called “coaversion loss.” Conversion foss 1s the ratio of the output signal power
to the mput signal power. e the ratio ot the power of Vip() w the power of nin). I expressed in dB, conversion loss

t5 the amount of power.m dBm . that the mcoming signal has Tost in the trequency down-conversion process. The
specitied conversion lToss of a miver holds true only if the LO power is sulficient o drive the mixer into the saturated
operatinnal mode. The required 1O power todrive a mixer s a critical constrant because tower power will cause the
miser to be underdriven and operated mea roll-oft arca ol its response carve, which s an unstable arca of operation,

From b oA noise on both sides of the LO Trequency, noise at (o ¢y - opp) and (o ¢y + opp). are down-

converted to the same I The DSB conversion becomes clearer by using a graphical spectrum analysis method.

Suppose that poaer spectrum of the incomimga noise at two frequencies Gy ¢ - @pp) and (0 ¢ + oy are A and
Hoavdicated in Frg AT the RO freguency s tuned Lo oy ¢, thenaccordimg o EqoeATHD A requency down:
conserted o o with magnitude A accordimg o Bg CA LD Boas also freguency down-converted o oy with a

matude BT The rosabumy spectrum Can Fraz AN s the sum ol Amand BY Power of Cdepends on powers and relatine
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phase between A" and B'. Since phase of a noise signal is totally random, we may consider that noise represented by
A'and B' are in phase. Thus C, the power of the resulting IF signal Vip(4), 1s the sum of A" und B’

ot
(5]
2
a
o
Z A
B
¢ T g —
Yo Y Lo Yot Y Frequency
Fig. A4 Power ol a noise source at (wp (y-opp) and (0] +o[E)
brd
5 C=A+B
£
*
5 l
Z
¥ F
W Frequency

Fig. AS Resulting power of wideband noise at (0 ()-wpF) and (e o)+ F) after being frequency
down-converted 10 W[F

Because noise sources to be charc cterized by the system developed under this study are wideband noise sources
a noise measurement using the frequency down-conversion scheme, as shown in Fig. Al, is a DSB mcasurement.

In a DSB mcasurement, system noisc figure or noise source ENR are calculated based on the measured average
powcers of the two sidebands. Suppose that power spectrum of a noise source at two frequencies (@ ¢y-wpg) and
(wp+opp) are A and B as shown in Fig. A4 1t the noise source is ON, LO tuned to w ¢y and IF is @y, the resulting
measured noise power Cgp s

C = A +B, (A17)

O

where A" and B’ arc the frequency down-converted versions of A and B, respectively.
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When the notse source 1s 1n the OFF state, it acts as an impedance at a temperature, and generates thermal noise.
Because thermal noise has a flat power spectrum, the resulting measured power with the noise source OFF is the sum
of two cqual power levels. That is, if X is the level of the thermal noise generated by the noise source and C g i~ the

resulting measured power, then

Copp= X' #X'=2X, (A1)

where X' is the frequency down-converted version of X.

The Y-factor at this LO frequency is

Y = Cm\/coﬁ"’ (A19)
or

, I A+B

You g, (A20)

which is the Y-factor based on the average value of noise powers at two frequencies (0 (y-0F) and (W +W[g)-

The DSB measurement discussed in this section complies with the NIST noise calibration procedure. However,
itis important to choose the correct IF so that the results closely reflect the noise source’s SSB characteristic. Filtering
must be performed to measure the SSB noise power.

A2, SINGLE SIDEBAND MEASUREMENT

The preselector and TPM methods arc used to measure SSB. The former is extensively applied in noisc
measurement at lower frequencics, while the latter is computationally intensive.

A2.1 SSB Meuasurement by Preselector Method

In this method, a filter is inserted between the noise source and the RF port of the mixer to preselect the desired
sideband. If @ bandpass filter with a bandwidth of g, as shown in Fig. A6, is inscried, then only the noise signal in
this bandwidth enters the RF port of the mixer, i.e., cnly noise signal “B” enters the mixer RF port for frequency
down-conversion,

A

a
Z A
{ N ¢
/| AN
/
4 1 , L\ -
| WRrE | Frequency

—— 0 |

Fig. A6 Effect of bandpass filtering on noise signal
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From Eq. (A16), to convert noise at a frequency of e o an ot opp the LO trequency o ¢y can be uned ©
cither side of wgp, 1e.

or @ = O

LO + (1)

IF RE T OLF (AZ1)

There is a precaution in this method; the bandwidth of the bandpass filter must be less than twice the I, e,

' RN
C)[i<- (.JIF.

(A22)
If g > 2 @ then when the LO frequency g ¢y is tuned to the center frequency of the bandpass filter, filtered
noise on both sides of w ¢ will appear in the IF signal and the result is a DSB measurement.

11 the condition in Eq. (A21) is satisfied, then for cach LO frequency  only one sideband of the RE signal is down-
converted to the [F. The other sideband is rejected by the filtering resulting inan SSB measurement.

Bandpass filters for the WR-10 band are available with optional bandwidths from 1% to 15% of center frequency.
If the inserted filter has a center frequency at 81 GHz with a bandwidth of 15%, then the noise signal i the 75 GHz
1o 88 GHz frequency range is passed o the filter’s output and enaters the RF port of the mixer. If the millimeter wave
mixer has an IF of 14 GHy, then the 75 GHz to 88 GHz noise signal can be trequency down-converted by varying
LO frequency accordingly 10 Ey. (A16), i.c., 89 GHz 10 102 GHz. At least three filters are required o convert the
entire WR-10 band. Since a single nable filter is not available at WR-10 band, the preselector method is less
desirable 1n the design of an automatic noise measurement system.

A22  SSB Measurement by the Three Point Measurement Method

In this method, the noise signal is not preselected and cach measurament is actually a DSB measurement. Noise
powers are measured in a group of three LO frequencies and two IFs 1o obtain a system of three lincar equations with
three unknowns. Suppose that power spectrum of the noise signal at three frequencies (WR g - 20qg), ORE, and (ORf
+ 2wp) are A, B, an ' C as described in Fig. A7, The measurements at three LO frequencics and two 1Fs are done as
follows.

4 A
£
D ? ¢
S B
Z
- ! ® ! +2 -
WpE 2 u)lFl RF WRE 2 O Frequency
ORF OIF e an s

Fig. A7 Power spectrum of noise at three different frequencies with 2opp separation

First, tune the LO frequency to o ) = Oy - 0. According 1o frequency down-conversion theory, the resulting
power is the sum of A" and B': A"and B are the frequency down-converted versions of A and B, respectively. That
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is, if the measured power is denoted as Py, then

P, = A"+ B (A23)

1

The LO frequency is then tuned 10 0 (y = WRE + O. As above, the resulting measured power is the sum of B'
and C". If the measured power is denoted as Py, then

P, =B +C. (A24)

Finally, the LO frequency 1s tuned 1o ©f ¢y = WRp to measure the sum of A'and C'. An extra step must be done

here o obtain the desired result. Since A and C are 201 apart from g, the IF of the receiver needs to adjust 1o o'[g
= 2o so that A and C arc down-converted 1o this new [F. I the resulting measured power is denoted as Py, then

Py= A +C. (A25)

Using Eqgs. (A22), (A23), and (A24), the three unknowns A', B, and C' can be solved by Gaussian elimination,
yiclding

P, -P,+P
3
A= b2 (A26)
) Py +P,-Pq
B’ = 5 , (A27)
and
, Py+Py-Py
C’ = ; : (A28)

L

The same procedure is repeated in both states (ON and OFF) of the noise source to obtain ON and OFF levels at
the three frequencies. Once ON and OFF levels are determined, Y-factors and SSB ENR are calculated.

In the evaluation of solid-state noise sources, however, the TPM method is difficult to accomplish. It requires the
millimeter wave mixer and the receiver to have “identical” performance charactensucs (i.e., the same operating point)
within the group of three LO - frequencies and two IFs. 1t this requirement is not satisfied, then the two A's in Egs.
{A22) and (A24) are two ditferent vaniables. This is also true tor the two B's in Egs. (A22) and (A23), and the two
C's tn Egs. (A23) and (A23). These six unknowns can not be solved by the three lincar eyuation system. The two
critical constraints to satisty the “identical” performance requirement are LO power level and flatness of IF response
of the system.

LO power: Since itis an integration of diodes, the mixer can operate in cither a saturated or a roll-off area. The
operation of the mixer is determined by its driver—the LO source power. Once it is driven into a saturated operating
region, the mixer response no longer depends on the LO power. On the other hand, the roll-off arca is the operation
arca in which the mixer response depends on the LO power. Thus, if LO powers at three frequencics in a group are
all cqual or above the required level to drive the mixer into saturation, then there is no difference in the mixer
performance. Hence, the “identical”™ performance at three LO frequencies is satisfied. However, if LO powers arc
below die requured minimum level, then the mixer is underdriven and operates in the roll-off arca. As a consequence,
if it1s drniven by different LLO powers, the vame input will produce different outputs, This is the situation where we
have three equations with six unknowns, as described above. If this 15 the working condition, one way 10 satisfy the
“identical” performance requirement is to level the LO powers. That is, make the mixer opeiaic ot the same operation
pomntinits roll-oft arca. To accompiish the leveling, an adjustable attenuator is inserted between the LO source output
and the LO input port of the mixer. The attenuator is tuned according to relative values between the three LO powers
in a group to level them. The LO power at desired frequencies should be measured before noise measurement.

System IF characterisuc: Using two different [Fs in measurement leads to the requirement that the system muslt
have the same response at these two [Fs I the system responses at the two TFs are different, then the same input will
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produce different output powers at the two IFs. The problem results in having more unknowns than available
cquations. That 1s, A" and C'm Eq. (A24) are ditferent from A’ in Eg. (A22) and Cin By (A23). The system 1F
response is determined by the mixer and components in the recerver section. e 1 amplitfier, 1F filter, and power
detector. Nothing in the system design will change the charactenistics of these components, however, the component
can be experimentally chosen 1o obtain the best results,




Appendix B

MEASUREMENT AND CALCULATION PROCEDURES

This appendix presents procedures for using a Hot/Cold load and gas discharge tube 1o measure the noise figure
of the measurement system. Procedures to characterize DSB and SSB ENR of unknown noise sources are also
provided.

B1. SYSTEM NOISE FIGURE WITH HOT/COLD SOURCES
B1.1 Prevention of Temperature Gradient

Since the temperature gradient from Hoy/Cold sources 1o measurement system tends to lower the desired accuracy,
the system needs 1o be thermally isolated from the Hot/Cold sources. To cstablish the thermal isolation, a thermal
radiator 1s inserted between the Hot/Cold sources and the measurement system. The thermal radiator includes a straight
waveguide, thermal sink, thermal compound, copper tubes, nylon tubcs, and water reservoirs. These parts are
connected as depicted in Fig. B1. Thermal sink compound is applied between copper tubes and thermal sinks, and
between thermal sinks and waveguide to provide good thermal contacts between these parts. Water flow s established.
Heat from the sources dissipates through the thermal contacts and is carried away by the flowing water. Hence, the
thermal radiator prevents a thermal gradient from the sources to the measurement system.

Thermal sink Nylon tube

Waiter reservoir

Hot/
Cold
Source

WR-10 band coupler

Receiver

Copper tube

Counter

L1
Water reservoir '
\_U_/

Fig. B1 -Thermal radiator o prevent thermal gradient from HotvCold load 10 recever system

B1.2  Measurement of Noise Output Level of Hot Source
1. Sctup the system as shown in Fig. B2.

2. Connect the output flange of the Alpha cold load 575W to the RF port of the mixer as iffustrated in Fig, B2
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Connect the instruments to appropriaie power supplics.
Turn the power supplies 1o ON.

Wait for 15 minutes.
Measure room temperature and record itas T, © K.

From the host computer keyboard, execute the program for the measurement {see Note 1) and set the LO
frequency to 75 GHy.

Sct the spectrum analyzer 10 ZERO SPAN and center frequency to the desired value. Since the system IF
bandwidth is O - 500 MHyz, the IFs are chosen as 200 and 400 MHz so that the TPM mcthod can be carried

out.

Use the spactrum analyzer marker 1o measure the noise fevel in dBm and record this value as Nh tor the
frequency being considered.

Press the WRITE/CLEAR button on the spectrum analyzer.
From the host computer keyboard, increase the LO frequency by 1T GHz

Mecasure room temperature. I the room temperature is dutferent from T inostep 6, make an adjustment so
that it 1s the same as i step 6.

- Repeat steps 9 through 12 until the 1O frequency has reached 110 GHz,

Note 1: Steps &, 10, and 11 are automatically done by the host computer. A program was developed for the host
computer, HP-9121, to perform these steps and other calculations, as explained later wn the caleutation section. This
program also controls the frequency-locked-loop of the LO source by adjusting the coarse tune current of the Ka-band
Y1G oscillator.

B1.3

(&%)

Measurement of Noise Qutput Level of Cold Source

After finishing the measurements for the hot source, pour liquid nitrogen ito the cold load dewar flask so
that the WR-10 termination 1s immersed in the liquid nitrogen.

Repeat steps 8 through 13 in Section B1.2 with the measured noise output level recorded as N

To prevent the accumulation of liquefied oxygen or solidified water vapor inside the waveguide, which wall
causce degradation of emissivity, the load must be evacuated prior to charging with liquid nitrogen *. The evacuation
1s maintained throughout the measurement by a running vacuum pump.

* Millimeter Waveguide Component Catalog, Alpha Industnies Inc., 1984, p 89,

30
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Noise
Source
Ka-band
7‘1 YA n¢ [{F
Coupler LO
< W Band LO
Ka-band v Bam 4  Aten:
Y1G oscillator I'mpler wator Mithimeter
wive
RF mixer
2
] 2 Harmonic mixer
> = X3 IF Amp.
4 2 IF
= I ¥
-
LO:3
Low- L Dace
P L300 17dBm Low-Pass
out
IF
(dey
Amp. High-Pass
LLO| tIMH/)
- 10
Current 10 NMH NMicrowave W -band Spectrum
Source Reference || Syathesizer Counter Analyzer
(3.0 13.3GH/y
IEEE-488
Host Computer
Fig. B2 Component disgram of WR 10 noise measurement system
Bl.4  Calculation

1. Forcach frequency in the measurement. caleulate the Y-tactor in dB by solving the equation

YR

(B1)




MOLNAR, MAIL AND O'NEILL

Record these values as Yyg.

o

Convert the dB values of Y-factor to linicar by using the {following equation

Y, . /10
Y - 10 ¢ {B2)

Record the values as Y.

3. Calculate the cold load cffecuve noise temperature by solving the following equation, as indicated by
Menon ctal. *

L, L.y
T =T «(T_-T ) v (B3)
¢ ¢ o COROR6 3345
where T, 1s cftective nowse temperature of the load (2 K,
1o s liquid nitrogen emperature (77.29 Ky,
T, 18 ambient temperature (0 Ko,
Ly s loss in waveguide with uniform temperature T, (0.2 dB), and
L s lossin waveguide with linear temperature gradient from Tow T, (0.2 dB).
L and Ly are characteristes ot the cold Toad and are provided by the manutacturer.
4. Forcach frequency in the measarcment, caleulate the noise figure F g3 of the measurement
system by solving the following
N ’ l/ ’I‘C \ 7
F = 10 log Y 11— _ 0 10 log (Y- 1), {B4)
4B N l T ) =
N Q

where  Toas effective noise wemperature of cold load (¢ Ky,
T, is ambient temperature (Y Ky, and
Y is Y-factor in lincar valu..
Record the calculated values.
5. From the calculated values, constructa graph of noise figure F g vs frequency for the measurement system.
Note 2: The above calculations are done by the program developed for the measurement, as mentioned in Note 1.
B2, SYSTEM NOISE FIGURE WITH GAS DISCHARGE TUBE

B2.1 Measurement

1. Sctupthe system as shown in Fig, B2,

tJ

Connect the output tlange of the noise tube 1o the RF port of the mixer.
1. Connect the instruments W appropriate power supplics.
4. Turn the power supplies ON,

5. Switch the gas tube’s power supply 10 OPERATE and press the START button. Turn the CURRENT AD-
JUST knob so that the meter of the power supply reads 75 mA. Switch the power supply 10 STBY.

* R C Menon, NP Albaugh and J W Daozier, "Cooled Load as Cabibration Naoise Standards for the Millimeter Wavelength
Range," Proc TEEE 83,1966, 1501 1501}
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Wait 15 minutes.
Measure room temperature and record it as T, ¢ K.

From the keyboard of the host computer, execute the program for the measuremeant and set the LO frequency
to 75 MHz.

Set the spectrum analyzer to ZERO SPAN and the center frequency to the desired IF.

Use the spectrum analyzer marker to measure the noise power in dBm and record this value as N

. Switch the tube’s power supply to OPERATE and press the START button. The power supply’s indicator

should indicate 75 mA; if not, adjust it by turming the CURRENT ADJUST knob.

. Usce the spectrum analyzer marker to measure the noise power in dBm and record this value as Ny,
. Switch the tube’s power supply to STBY.
. From the computer keyboard, increase the LO frequency by 1 GHz.

. Repeat steps 10 through 14 until the LO frequency has reached 110 GHz.

Calculation
Repeat steps 1 and 2 Secuon Bl 3
The system noise figure s caleulated by solving the following equation
Fgp = ENR + 10 log (Y-1), (B5)
where ENR 1s the Excess Noise Rato of the gas tube provided by the manufacturer (14.2 dB).

Repeat the procedure for the desired frequencies.

ENR OF SOLID-STATE NOISE SOURCE

DSB ENR

Measurement

Setup the system as shown in Fig. B2,

Connect the uncharactenzed noise source to the RF port of the millimeter wave mixer.
Repeat steps 3,4, and 5 in Section B1.2.

Adjust the room temperature, if necessary, so that it is the same (or at least closc to) as recorded in step 6 of
Secuon B1.2.

Turn ON and OFF the power supply of the noise source at a suitable frequency so that ON and OFF power
levels clearly appear on spectrum analyzer.

Repeat steps 7 and 8 of Section B1.2.

Use the spectrum analyzer marker o measure the difference between the ON and OFF levels. Record this
value as Y g for the frequency being considered.
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Press the WRITE/CLEAR button on the spectrum analyzer.

From the key board of the computer, increase the LO frequency by 1 GHz.,
Repeat steps 7 through 9 until the LO frequency has reached 110 Gy,
Culculation

Convert the dB values of the Y-factor to Linear values as follows

) Y,/ 10
Y = 10 ¢ (B6)

Record the calculawed values as Y.
Calculate the ENR of the uncharacterized noise source by solving the following equation
ENR = Fyg + 10log (Y -1, (BT

where Fyg is the noise ligure of the measurement system that was obuiined in Section B4, Record the ¢al-
culated values.

From the calculated values of ENR, construct a graph of ENR vs frequency in the WR- 10 band for the noise
souree.

The unknown notse source 18 v naracterized.

B3.2

B32.1

SSB ENR: Three P .+ ieasurement

Measurement

Stnce the two avarlable [Fs for the TPM are 200 and 400 MHz, three LO frequencics in a group are 200 MHz
apart, g, 77.8 /8.0, und 75.2 GHz.

1.

5

6.

Y.

10,

Repeat sieps 1 through S in Section B3.1.1.

From the computer keytward. tune LO to the first frequency in the group: e, 778 GHz.

From the LO power table, determune whether or notall of the LO powers atthe three frequencies in the group
are sufticient to drive the mixer into saturation. If not, level the LO powers at the minimum value. The lev-
ching is accomplished by tuning the WR- 10 anenuator: sce Fig. B2,

Repeat step Sin Section B3 11

Sct the spectrum analyzer to ZERO SPAN and the center frequency to 200 Mz,

Use the spectrum analyzer marker to measure the ON and OFF levels of the noise source and record them
as Py and Py oy respectively.

From the computer keyboard. tune LO to the second frequeney in the group, e, 78.0 GHz.
Repeat steps 3 and 4an this section.
Repeat step S in this section with a center (requency of 00 MHz.

Use the spectrum analyzer marker to measure the ON and OFF levels of the noise source and record them

e . > 2 Y oy
as Pa, and P g respecuvely.
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11, From the computer keyboard, tune L.O o the tard frequency i the group, e, 78.2 GHy.
2. Repeat steps 3 and 4 i this section,
P30 Repeat step 5 with a center frequency of 200 MHz.

14, Use the spectrum analyzer marker to measure the ON and OFF levels of the noise source and record them
as Py and Py respectively.

15, Repeat steps 2 through 14 for desired frequency groups.
Calculation

1. ONand OFF levels of three frequencies in i group are oblained by solving the three unknown three equation
hincar system as described in Section A2.2 of Appendix A,

t9

Once ON and OFF levels at cach frequency are determined, Y-factor and SSB ENR of the notse souree are
calculated as described in Section B3.1.2,

The notse source SSB ENR 15 now charactenized.




