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Diagnost ic Use of Liquid Crystal
Detectors in Microstrip Antenna Design

1. BACKGROUND

Microstrip patch antennas offer a practical solution to many of the problems
associated with low cost , lightweight, flush-mounted antennas. Single elements
and arrays of microstrip patches are currently used in missile, satellite, and
aircraft antenna applications . 1-10 Design techniques for this type of antenna are
generally empirical, although simple element geometries — such as circular,
square, and rectangular patches — can be partially analyzed either by modeling the
elements as two radiating slots separated by a length of low loss transmission
lIne, 2, 11 or by treating the elements as simple dielectric cavit ies. 12 In the latter
case, the electromagnetic modes (set up in the cavity formed by the conducting
patch, dielectric, and conducting ground plane) and their respective resonant fre-
quencies are functions of the dimensions of the patch, the thickness of the dielec-
tric , eszid the dielectric constant. The frequencies predicted from simple cavity
theory are only approximately realized in practice, 2 that is , theory and experiment
agree to within about 5 percent, but modifications to the basic resonant frequency
relations can improve the agreement. 13, 14

(Receive d for publication 1 August 1977)
Due to the large number of references cited above, they will not be footnoted here.
See references, page 21.
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However , other aspects of microstrip patch antenna design such as the feed
placement and the location of shorting pins (both of which affect the mode structure
on single elements) , are usually determined experimentally. 2 Since the mode
structure is so closely related to the circuit and radiating properties of the individ-
ual element and also because each of the separate modes exhibits varied radiation
patterns, 2 a technique that monitors mode changes as antenna patch parameters
are experimentally varied, is a useful tool for the designer . A network analyzer
can of course be used to investigate impedance and VSWR changes as a function of
frequency. However, it is difficult to determine whether the desired mode is
actually excited on the microstrip patch at a particular frequency for a given feed
placement and location of shorting pins. Arrays of microstrip patch antennas pre-
sent similar problems for each element and, in addition , offer the design compli-
cations of power dividers, feed lines, and element amplitude weighting. One rela-
tively simple diagnostic method that allows the designer to see the mode structure
and the field distributions on individual elements, and to monitor element excitation,
feed line radiation and power divider asymmetries in arrays, uses microwave
liquid crystal detectors. This technique makes it possible for the designer to
actually watch mode and field structure changes as he experimentally varies the
element or array parameters. Resistive backed cholesteric liquid crystal * shee ts
convert microwave energy into visual patterns and have been used to display the
electric and magnetic standing wave mode distributions on various microwave

~es. 15, 16

~1icrostrip antennas and liquid crystal devices work well together in the
)ry. The antennas are usually small, conducting patches on flat dielectric

~ds. The resistively backed liquid crystal (in a lightweight, nonconducting
frame) can simply be placed directly over the antenna. (See discussion of loading
in Appendix A. )  The resultant display can be used to deduce the electric and mag-
netic field geometry. The variation in the colors of the display is directly related
to gradients in field intensity over the surface of the antenna. The crystal display
continuously monitors, in real time, the resonant mode structural and intensity
changes as the element feed position is altered or the feed line geometry is changed.
Since the crystal provides a display at any microwave frequency, the designer can
simply sweep through all the frequencies of interest while watching both the varia-
tions in the field structure and the transitions from mode to mode. The designer

*The authors are indebted to Mr. James Sethares of RADC/ET for the use of his
liquid crystal detectors.

15. Sethares, J., and Gulaya , S. (1970) Visual observation of rf magnetic fields
using cholesteric liquid crystals, Applied Optics, p 2795.

16. Sethares, J., and Stiglltz , M. (1969) Visual observation of high dielectric
resonator modes , Applied Optics, p 2560.
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caus obtai n crude but usefu l indications of bandwidth by simply noting the frequen-
CIt~S at o hich a In~~l~- s t r u c t l l t e  ~~~~~ot -s and disappears , and he can also mcu n ~t ) r

~ne isilped ance matc is  between feed line and antenna by noti ng the intensity of the

d isp lay c olors as the feed po sition is varied.
The l~ .~u i d  c rys ta l  detector5  n iake  comparisons between individual elements

in an ar: -.~ s i m ple m a t t e r . The detec tion of fabrication or excitation flaws is
as simple compari ng the crystal disp lay from element t o element . In a sense,
the crystal  detectors provide in a single integrated view , all the amplitude or
power information p icked up sequen tially (and then recorded) by a very wideband
near-field probe.

Usi ng the liquid crystal detectors requires no special laboratory apparatt
other than t he cr yst als t hemselves. Figure 1 shows an S-band microstr ip antenna
and the liquid crystal detector. A biasing lamp can be used to raise the tempera-
ture of the crystals to the  point where very weak fields can be detected . 15 T.
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Figure 1. S-Band Microstrip Disc Antenna and Liquid Crystal Detector in
Flat Mount
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was not found to be necessary in any of the experiments described in this article.
The versatility and usefulness of the liquid crystal detectors in diagnosing mode
structure problems in single microstrip elements and verifying the design per-
formance of an array of microstrip elements, is described in the following
sections .

2. RESONANT MODE BEHAVIOR OF SINGLE ELEME N TS

A circular disc element was fabricated from 1/ 16-in , double clad teflon-
fiberglass board material 2. b.~). A mode suppressing pin2 was inserted at
the disc center and the Leed was placed on the back of the disc at a 50ç2 point ,
found by experiment to be about 0. 559 cr-i lrom the center . Using the standard
resonant frequency relations available in the literature, 2 the calculated frequency
for the dominant mode of the 1. 83 cm radius disc was 3 GHz. The next two higher
order modes were similarly calculated to lie at 4 . 7 and 6 . 5 GHz.  As mentioned
earlier, one should expect the measured resonant frequencies to be somewhat less
than the values calculated. Figures 2(a) and 2(b) show the network analyzer dis -
play for the disc element over the 2. 6 to 8. 0 GHz range. Resonance behavior is
indicated in three regions, 2. 79 to 2. 82 GHz , about 4 . 7 GHz , and 6. 47 to 6. 6 7 GHz.
The designer would be justified in concluding that in the three resonant regions
indicated on the network analyzer , the mode structures associated with the reson-
ance frequencies would actually be excited on the microstrip disc. Liquid crystal
detectors make it possible to check the validity of this conclusion.

The theoretical E-field structures for the three modes are shown in Figures
17 . . . . .3(a) , 4(a) , and 5(a). Using liquid crystals with a resistive backing of 1100 11/sq. ,

the visual presentation of the E-field modes actually present on the disc is shown
in Figures 3(b) , 4(b) , and 5(b).

In interpreting these black and white reproductions of the detector color dis-
play, the reader should envision the region inside the crescent shaped areas as
dark blue in color. These are the regions of intense fields. The lighter halo about
the crescents is actually composed of two colors, bright green closest to the cres-
cent , becoming dull orange further out. The remainder of the photo area has a
dull brown to black color indicating a lack of field components . The literature 15

reports the use of very low resistive coatings to visually display the H-field modes.
The display so obtained on the d1sc antenna was relatively weak and poorly defined.
The E-fleld modes in contrast , were str ong and more useful for noting the changes
produced by feed placements. The crystals were run with about 1.0 W of power
from a TWT .

17. Watkins , J. ( 1969) Circular resonanz structures in microstrip, Electronic
Letters 5:(No. 21) .

10
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Figure 3. E-Field Dominant Mode Structure on Disc Antenna
With Feed 0. 56 cm From Center (2. 8 GHz). (a) Calculated
from mode theory; and (b) observed with liquid crystal
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Note that Figure 3 shows good agreement between the predicted and measured
dominant mode patterns . Although Figure 4(b) is easily recognized as the four-
sided mode structure of Figure 4(a) , there is some asymmetry in the visual dis-
play indicating that the feed placement is not quite optimum for this mode.
Figure 5(b) indicates that the hexagon shaped mode structure predicted at 6. 5 GHz
is, in fact , not excited. The location of the feed at 0. 559 cm, although optimum
f o r  the dominant mode and acceptable for the first mode, is completely unsatisfac-
tory for this second mode. The visual display of Figure 5(b) shows what the net-
work analyzer can not , that is , although the disc is resonant at about 6. 5 GUt ,
the resonance is not the expected mode structure. A sweep through the 2 to
10 GHz range using the crystal detector showed tha t the hexagon shaped mode was
never excited with the feed placed at 0. 559 cm.

Using the liquid crystal display as a guide , the feed was systematically repos-
itioned and eventually placed at a distance of 0. 279 cm from the center. Figure 6
shows that this new feed location does indeed excite the disc into the hexagon shaped
mode predicted by theory. Of course, the altered feed position produces changes
in the dominant and first mode behavior. Figures 7(a) and (b) show the network
analyzer trace of the disc with the feed moved to its new location at 0. 279 cm.

k
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~~~. 
,~~i .

~~
. ~~~~~~ 

- 

4‘ v _al...

Figure 6. Second Higher Order Mode Structure on Disc Antenna
With Feed 0. 28 cm From Center (6. 5 GHz)
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The liquid crystal  display over this same frequency range was used to v t r i f v  t h a t
the new feed posi tion produc ed a sub stant ia l l y w eaker dominant  mode and fa i l ed
entirely to excite the four-sided mode at 4 . 7 0 H z . Thus , t he c r-v -~ta l  detec tor ,
pro ie to be effective diagnostic aids in experimental ly  de termining  the re lat ion
betwe en the feed po sitio n and the mode st ruc tu re  excited on the n i i c r t ~~ t r i p  element .
Fi gure 8 shows an even hi gher order , ei ght-s ided mode st r u c t u r e  at ~. ~ 0Hz .
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F ..~n r 
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. . ( cta gonal  l\lode St r u c tur e  ( )h- ~ r\  ed on I )i  \ fl~

~ Gil.’

roved usefu l in a va r ie ty  0f othe r r o l e  l~~st r i p U~ h t i i  a a r c
p i t H e r i s . I t ~~~ t -ned  or poor solder  connections were  o f t en  dt - t e He ’ !  ~~~~~~~~
w e a k  c r - v - i t o  I di~~p I a v ~~, 1\ licr t st r i p patches fabr ica ted  b\- d i f f e r e n t r e  -5C could
he compared vi a  t h e i r  c ry st a l  displays .  The c r y s t a l - i  also showed t h a t  as fr e-
quency is va r ied over a broad range , say 2 t o 10 GHz , the mi c r ost r i p  rio t h cle-
ment  produces a v a r i e ty  of d i s t i n c t i v e  field confi gura t ions  in a d d i t i o n  ~~~. i t s  re-,ori -
ance modes. Many of these f ie ld  pa t te rns  are an t isymm et r ic  and not p i t  l i c t e d  by
a modal anal ysis .
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3. LIQUID CRYSTAL DETECTOR DIAGNOSIS OF A MICKOST RIP ARR A Y

Figure 9(a) shows an 8-element, two row microstrip array with matching
transformers, power dividers , and single point feed. * The square elements are
center fed at one edge and designed to be equally excited in their dominant mode
at 9 GHz . Figure 10 shows the network analyzer trace of the array over the 8. 5
to 9. 5 GHz frequency range. Figure 9(b) shows the liquid crystal display for the
array at 8. 85 GHz . Several aspects of the design are apparent in this presenta-
tion. Note first of all , the indication of intense fields on the lines between the
feed point , points A and B, and the top row elements. There is obviously sub-
stantial energy in the i~~ . -‘ of standing waves on these lines. There is, in addition,
a slight asymmetry in - wer division at points A and B. It can also be seen
that the elements are n t  .~ equally excited. In general, the bottom row elements
have more intense edge i~ Ids than the top row elements . Three of the outer ele-
ments , that is, 4, 5 and 8, have stronger fields than the other elements. Ele-
ment 1 appears the weakest. The feed lines between elements 2 and 6 and between
3 and 7 can be seen to have higher standing waves than the other inter-row feed
lines. This one array example shows that the liquid crystal display provides a
variety of diagnostic information not available from the network analyzer which
can aid the designer in pinpointing trouble spots in his feed and power distribution
network .

*The array was supplied by Dr. Anders Derneryd, RADC/ET Visiting Scientist.
Subsequent to the use of the crystal detectors by the authors, Dr. Derneryd made
use of them in analyzing the rectangular microstrip element and reported these
results in A Theoretical Investigation of the Rectangular Microstrip Antenna
Element , presented at the 1977 AP-URSI Conference in San Francisco.
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Figure 9. Eight-Element, X-Band , Microstrip Array.  (a) Actual array; and
(b) liquid crystal display at 8. 85 GHz
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8. 5 to 9 . 5 GHz

i. ( ;O\C L I SIU\ ~

Liquid crystal  detectors provide a real t ime , simple diagn ostic capability for
mi ros trip circuits , radia ting elements , and arrays. They provide a type of
v i -u a l  information not available from network analyzers and in addition , require

l i t t l e  in the way of laboratory equi pment .  Usable at any frequency, t he detectors

ci ‘resent a sensible test device for operations that range from laboratory develop- 

at to the production line test ing and comparison of manufactured units .
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Load ing Effucts

A resistively backed liquid crystal detector placed in proximity to a radiating
device — such as the microstrip antennas discussed in this article — produces a
loading effect that depends both on the resistivity of the detector backing and the
height of the detector sheet above the antenna. Generally speaking, the higher the
resistivity and the greater the separation between the antenna and the crystal
detector, the smaller the loading effect. A question arises as to whether the
detector loading significantly alters the field distribution on the element under
test. The network analyzer proves useful in quantifying these effects.

Figure Al  shows network analyzer traces of a simple disc element over a fre-
quency range that includes its dominant mode. Curve A Is the trace of the isolated
element. Curve B shows the change produced when a liquid crystal detector with
resistivity of 8. 5 Kc~/sq. is placed 4 mm above the disc. Curve C represents the
case when the detector is 2 mm above the antenna and Curve D illustrates the max-
imum loading produced when the detector lies directly atop the antenna. Note that
the loading causes a small change in impedance value at almost all frequencies
displayed, the change being greates t at the disc resonant frequency. The reson-
ant frequency itself , however, changes only about 0. 4 percent (from 2. 798 GHz to
2 . 786 GHz) with loading. The actual crystal display is bright and sharp with the
detector atop the disc and, as should be expected, loses some intensity and edge
definition as the separation increases to 8 mm. At any stage, however, the char-
acteristic dominant mode field structure is clearly defined and the intensity
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distribution on the detector face does not appear to be a sensitive function of the
separation between disc and detector.

Figure A2 show s the same situations except a detector with 1100 cl/sq is used.
The impedance change with loading is more pronounced but again, the resonant
frequency shift s only about 0. 4 percent. The detector displays are brighter than
those of the 8. 5 cl/sq detector and they too are seemingly insensitive to detector-
disc separation distances.

Figures A3 and A4 show the maximum loading effect of the two detectors on
the X-band array of Figure 9(a) . Trace A in both figures represents the isolated
array, Trace B of Figure A3 corresponds to the 8. 5 Kcl/ sq detector placed atop
the array, while Trace B of Figure A4 represents the 1100 12/sq detector placed
directly on top of the array. Both figures show impedance changes and a shift in
frequency of 0.4 percen t and 1. 7 percent for the 8. 5 Kc�/sq and 1100 12/sq detec-
tors , respectively.

In general, as the detector is lowered from above to the vicinity of the antenna
under test there are a number of distances that occur periodically, at which the
loading effect is minimal or nondiscernible; that is, the network analyzer trace
shows little or no change when the detector is in place over the antenna. For
example, with a resistivity of 8. 5 1(12/sq. the closest that the detector can be
placed above the antenna with no discernible loading is 0. 55 cm, while for the
1100 cl/sq detector , the corresponding distance is 0.75 cm. At these separating
distances , however, the crystal displays, being washed out and fuzzy, are not
very useful for diagnostic purposes.

Placing the detector sheet directly on top of the antenna under test is the
simplest laboratory diagnostic method. The small changes in frequency due to
the loading indicate that the crystal has not induced any mode variations that could
be associated with a change in field geometry. Addin g the observation that the
detector display remains basically unchanged as the detector is moved away from
the test antenna, one can conclude that loading effects — especially with the high
resistivity backing — are not a limiting factor on the use of the crystals as mode
and intensity detectors. However, as can be seen from Figures A 1-A4, impedance
and bandwidth design problems are sensitive functions of the loading and require
careful consideration.

Although such observations do not constitute formal proof that loading effects
are unimportant , the designer can feel that simply placing the detector on top of
the microstrip antenna is a usable method that provides him with the essential dis-
tribution of fields on the device under test. Other experiments with liquid crystal
detectors on nonradiating devices such as two wire lines , a single wire above a
groundplane , microstrip lines, and high dielectric resonators, have also led to the
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Figure Al .  Network Analyzer Display for Disc Antenna in Dominant Mode.
A. Isolated disc, B. 8. 5 1(12/sq detector 4 mm above disc, C. 8. 5 Kc?/sq de tec-
tor 2 mm above disc , and D. 8. 5 1(12/sq detector on top of disc

El -

il
Figure A2. Network Analyzer Display for Disc Antenna in Dominan t Mode.
A. Isolated antenna, B. 1100 cl/sq detector 4 mm above disc , C. 1100 cl/sq
detector 2 mm above disc , and D. 1100 cl/sq detector on top of disc
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Figure A3 . Ne twork Analyzer Display for Ei ght-Element Micro-
strip Array.  A. Isolated array, and B. 8. 5 Kcl/sq detector on
top of array

1

Figure A4 . Network Analyzer Display for Eight-Element Micro-
strip Array. A. Isolated array, and B. 1100 cl/ sq detector on
top of array
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the conclusion that the observed field patterns are relatively Insensitive to the
separation between the detector and the physical structure. *

C. Sethares, Deputy for Electronic Technology. Private Communication.
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METIIC SYSTOI

BASS UNITS:
unit Sljyprbo~ F~~~gli -

length melt. m
kIlogram kg

tune s.cood s
electric current imps,. A
thennodynernic t.mpsrstuzs kelvin K
amount of substance mci. mcI
luminous iat.nsity candela Cd

SUPPLXMDITASY UNITS:
pl.n. angle radIan tad
solid angle etersdi.n er

DWVU) UNITS:
Acc.le.stion metre per second squared ... mis
activity oI~ isdlo.ctlv. scurci) dlsiniegretlon per second ... (dielntegr.tlcsYa
angular acceleration radlsn par second squared ... radis
angular velocity radian per second .. radii
arm aquere metre ... m
density kllogrim pm cubic metre ... kg?m
electric cap cftmcs fared F A.olV
electrical conductance stamens S AN
electric field strength volt p.r metre VIm
electric Inductance henry H VW A
electric potential difference volt V WIA
electric resistance ohm VIA
electromotive force volt V WIA
energy joule j N.m
entropy joule pm’ kelvin ._ JIK
force newton N kg.mle
frequency hertz Hz (cycl.)ta
illuminance lox lx ImIm
luminance candela per square metre _ - edlm
luminous flux lumen Ini cd.
magnetic field strength ampere per metre .. AIm
magnetic flux webs, Wb V..
megnetic flux density teal. 1’ Wblm
m.gnetosnollve force ampere A
power watt W Jis
pressure pascal P. PInt
quantity of electricity coulomb C A..
quantity aihest joule I N.m
,.dlant Intensity watt per .tesudlan ... Wlsr
specIfic heat joule per kilogram-kelvin - -  jilcg.K
stress pascal Pa Pint
thermal conductivity watt per metre-kelvIn ... Wlm.K
velocity metre per second . mis
viscosity, dynamic paacal...cond ... P.s

- 
- viscosity, kinematic square metre per second .. mis

voltage volt V WIA
volume cubIc metre m
wsvenumbm reciprocal metre . . .  (wavejon
work joule I N.m

SI PBD1XVS

.~~ jiltipllcsticn Factors PrefIx 53 Symbol

I 000 ooo 000 ooo - 10” tar.
1000 000 000-lO’ gig. S

1000 000-10’ mugs t~inxm-io’ kIlo k
100 — 10’ h.cto’ It
10— 10’ d.k.~0.1 — 10’ deci’ d

001 — 10—’ ceat i’ c
0001 — i 0 ’  mill m

0 000001 - 10’~’ micro
0 000 000 001 • 10” neIlo

0.000000000001 — 10”
0.000 000 000 001 — 10—”

0 000000 000 000 000 001 - 10-” altO a
‘lo be avoided whet, poselble.
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