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Analysis and Control of Harmonic Radiation From
Active Integrated Oscillator Antennas

Martin J. Cryan Senior Member, IEEES. R. Buesnel, and Peter S. Hatellow, IEEE

Abstract—Harmonic radiation from microstrip patch oscil-  tenna will have relatively high input resistance, at the first har-
Iato_rs is examined experimentally _anq theoretically using both monic frequency. Secondly, two examples of patch oscillators
a single and dual parallel-tuned circuit Van der Pol oscillator using antennas with low first harmonic input resistance, i.e., a

model. Closed-form expressions are obtained for the fundamental . | ¢ tch and ; horted patch
and first harmonic voltage amplitudes, and results show rea- C!f€Ular-S€Ctor paich and a quarter-wave shorted patch.

sonably good agreement with a commercial circuit simulator.
Such expressions will be useful for designers of active integrated Il. ANALYSIS AND SIMULATION

antennas, giving them greater physical insight into their operation. . .
Experimental results are presented for three configurations of ~ Several methods have been suggested for analysis and sim-

a patch oscillator, i.e., rectangular patch, circular-sector patch, ulation of active integrated antennas [4]. Very simple equiv-
and quarter-wave shorted patch. The latter two configurations alent-circuit models have been used to allow dynamic mod-
pr_esent very low resistance a_t the first harmonic frequency an_d eling of arrays [5], while more accurate active device equiv-
}2'3Lzﬁ?;itloe'r;‘;:gg%Ef\rvrirt‘ﬁ%cezl;gt?égf;géi‘éﬁgﬁgnance' This S alent circuits have been linked to the method of moments [6]
and finite-difference time-domain (FDTD) method [7]. The very
Index Terms—Active integrated antennas, antennas, harmonic simple models allow analytical expressions to be derived that
radiation. give great insight into performance mechanisms. The more ac-
curate full-wave models are computationally intensive. In this
|. INTRODUCTION paper, the extension of simple models to the prediction of har-

. . . . monic radiation is explored with the aim of extracting analytic
UTURE systems employing active antennas will require : Lo
: N expressions and design insight.
very low levels of harmonic radiation in order to meet elec="". . Lo
Firstly, a single parallel-tuned circuit is used to model the

tromagnetic compatibility specifications. Active antennas intr?- : : .
. . ; . undamental resonance of a microstrip patch oscillator to allow
duce nonlinear devices directly into the antenna and, thus, the

s%ple expressions for harmonic levels to be obtained. This is

can exhibit high levels of harmonic radiation. Moreover, dugescribed in Section Ill. However, this simple model is found

to size constraints, filters cannot be easily added, as in conven- : )
) . 7 . not to adequately model the harmonic behavior of the patch os-
tional systems. In the case of active receiving antennas, it seems ) : . .
. : cillator. The model can be improved by including higher order
that, by suppressing the harmonic resonances of the antenna .
. ; resbnances of the patch antenna. Since these often occur at har-
the harmonic reception problem can be reduced [1], [2]. How="". " . .
. . : monic intervals, they will be likely to have large effects on har-

ever, with patch oscillators, due to the interdependence of the . - ) . .
i . . monic radiation. This is achieved by adding a second parallel-
active device and patch, the solution to the problem of harmonic o : . ) o . .
AR . . fuhed circuit in series with the first. This is described in Sec-

radiation is more complex and it may be approached in tv¥|o Y

ways. Firstly, out-of-band radiation from the active integrate Some comments on the analytical solution can be made. The

oscillator can be minimized at the design stage by control o<f)Iution roceeds by obtaining a differential equation, which de-
the impedance presented by the antenna to the oscillator. SSec: P y 9 q ’

. . §cr|bes the behavior of the circuit. In the case of the single par-

ondly, it may be controlled once the device has been construc o L S .
by the use of frequency-selective surfaces [3]. This paper ¢ allel-tuned circuit model, this is nonlinear and of second order.
y q Y . - *NIS PAPET CQk w0 Gual circuit, a fourth-order equation is obtained. There
centrates on the first approach. Firstly, a theoretical analysis iS .
. . . A are a number of methods that can be employed to solve this
presented, which gives the designer insight into the amount o lem analytically. It should be noted that, not only is a so-
harmonic suppression obtainable for a given first harmonic an-. ' . .
. . . . ution at the fundamental frequency required, but a solution at

tennainputresistance. This paper then presents expenmentagﬁe

: : . ¢ first harmonic is also needed. This requirement limits the
sults, which show the levels of suppression that are obtainable
. . . X . . approaches that can be taken.
with three different configurations of a patch oscillator. Firstly;" . . . .
I . Initially, a perturbation method was considered [8]. This al-

a radiative edge-fed rectangular patch oscillator, where the an- 4 o )
ows the investigation of weakly nonlinear systems and was used
by Van der Pol [9] to investigate the steady-state solution for
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';";;‘r"smp where g, is the nonlinear conductance derived from the cur-

rent-voltage relationship shown in (2). A cubic polynomial is
y the minimum order required to obtain stable oscillation condi-
tions [13]

I=—gV+gV?+ gV 2

i
FET»'/

Differentiating (2) with respect t&’, we obtain
94 =—go+ 201V + 32V ©)

AlSO,w% = 1/\/LLOL andGL = l/RL
It is reasonable to assume the solution of (1) to be a sum
Fig. 1. Basic configuration of a microstrip patch oscillator. of sinusoids, and assuming that terms above the first harmonic
can be neglected (comparison with numerical simulation in Sec-
v tion 111-B will show this to be valid), we obtain

Vds

C. R, V = ay sin (wot) + az sin (2wot) . 4)

This is now substituted in (1), and since steady-state solutions
are required, it is assumed that

Fig. 2. SingleLC' R model for a microstrip patch oscillator. da; _ d’a; _ . .
dt — dti T

reasonable results. However, as the model becomes more He& resultis expanded and an equation with the following form
tailed, this approach becomes rather cumbersome. An eleggrfibtained:
approach, also shown by Van der Pol [9], [10], involves as- . .
. . - t)+B t)+C 2wot)+D 2wot) = 0.
suming a form for the steady-state solution and substituting this “*> (wot)+ B sin (wot) +C cos (Zwot) +D sin (2wot)
back into the original equation. This may then be rewritten as ()
a sum of sine and cosine terms, the coefﬂm_ents of Wh'Ch C&hce these four terms are orthogonal, the coefficiehtd3,
be formed into a set of simultaneous equations. This meth

is el . . ically g luti for the fund. and D of (5) can be equated to zero, resulting in four si-
Is elegant since I automatlca y gIves so utions for the fundgs 1:aneous equations far, andas. Only two of these equa-
mental and first harmonic and, in principle, for any number

h ics. The Math i ft K has b g‘ggns are required and, in this case, the correct solutions have
armonics. 1 he Mathematica Sottware package nas been us % obtained using the equations from coefficiehtand D.

expand the differential equations in terms of sines and cosn]fz%(Z < ay, which is true for most oscillators, the following ex-
and to obtain solutions for the nonlinear simultaneous equatioB§eSSions 7are obtained: '

I1l. SINGLE RESONATORCASE 4(go — Gr)

. ay =\| ———— (6)

A. Analysis 392
An example of an active antenna is shown in Fig. 1. THand

drain of a field-effect transistor is connected to the edge of a
microstrip patch, which acts as both the resonant load for the os- 0 — aig
cillator and a radiating element. The source and gate are loaded > T 3weCr
with short-circuit transmission lines in order to obtain a negative From (6), it is seen that, is real only wheny, > G.. This

{_TS'SItat?%e alt(th; dlr\fll.m port. Tge O.SC'"SatO{ WastDeglgrBle(:hutslggin fact, the well-known small-signal oscillation startup cri-
ewlett-Packard's Microwave Design System ( )- Bo hl%ria for parallel resonant circuits and, equivalently,> Rj,

linear and nonlinear oscillator design tools were used in co it series resonant circuits [14]. Equation (7) shows that the

bllrllat'_lcfﬂ W('jth a transmlzsmn—hnde mto dgl cl>f th: pat;?h lantentrllg\,el of the first harmonic is proportional t@, which seems
[11]. The design procedure and a typical schematic layou illﬁuitively correct since (2) shows that first harmonic terms are

pris\e/nteg |nP[1|2]. vsis of th ich ilat ; nerated by th&?2 term involvingg;. Remembering that the
an der ol analysis ot the patch oscillator was pertorm ality factor of a paralleLC R circuit is given by

using a simple parallel-tuned circuit to model the patch and a
nonlinear negative resistance to model the field-effect transistor, Q =wCR (8)
as showninFig. 2. The valuesbf C', andR are found by fitting

the model to the measured input impedance of the antenna. TtHaay be observed that the level of the first harmonig) (is

voltage differential equation for a single”' R circuit is inversely proportional to th€ of the resonator. This highlights
an immediate problem when using microstrip patches as res-

onators since, the higher tlig of the patch, the poorer its an-
tenna performance in terms of bandwidth and, hence, frequency

()

d?VdV (ga+Gr) 2
wtuw o Vw0 (1)
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60 LCR circuit is now fourth order as follows:

0.0 02 04 0.6 0.8 1.0 1.2 14 16 18

vV ddV ( d
Load Conductance (mS) -

dt* dt3 \Cr1  CrLa

Fig. 3. \oltage amplitudes for fundamental,§ and first harmonic «) A2V o o
oscillations versus load conductancé ;) for a single LCR circuit. + — |94 =2 + 1 + ajas + w? + w2

) L 2 : 1 2
(9o = 2mS,g; = 5mS,g> = 10 mS,C, = 4 pF, L, = 1 nH. Analysis: dt Cr1 Cro
— fundamental, - - - first harmonic. Simulation (HP MDS),fundamental, qv 9 9
H first harmonic). ws wi 2 2

+ ’ <!]d <C—L1 + Cra + owi + a1w;

tuning. Thus, a compromise between antenna performance and +Vwiw?=0 9)

harmonic level may well be required.
wherea; = l/RLiCLi andw; = \/l/LLiCLZ',’L' =1,2 and
wheregy is given by (3).
Equation (9) shows the large increase in complexity incurred
In order to validate these results, a Van der Pol oscillatgy introducing a second resonance in the model. It is no longer
has been implemented using the Hewlett-Packard MDS h@pssible to obtain solutions using the procedure for the single-
monic-balance simulator. To obtain typical values for the COlesonator case. |n order to proceed, a solution for the funda-
ductance coefficients of (3), a harmonic-balance analysis withental amplitude is first sought. It is assumed that< a;

swept input power was performed in order to determine tgd, thus, the solution may be approximated by a single cosinu-
input admittance at the drain of the oscillator with the patckpidal term

removed. Coefficients were extracted by fitting a polynomial

to the real part of the admittance-voltage data at a single fre- V = ay cos (wpt) . (20)

quency. A symbolically defined device (SDD) was then used

within MDS to simulate the nonlinear conductance. Results feiquation (10) is now substituted in (9). The result is expanded

harmonic levels with respect G, are shown in Fig. 3. Good as before and, since there is only one unknown, only one equa-

agreement has been obtained between the closed-form expties-is required, for which correct solutions are obtained using

sions and MDS. This validates the analysis method and shoveefficient 3. The solution fora, is

that the assumptions made were reasonable. It is seen that, as

the load conductance approaches the value of the device nega-

tive conductance, the level of the first harmonic decreases, and

this is consistent with the concept of a low-perturbation oscil-

lator design approach. The levels of the first harmonic shown are

very low and, indeed, much lower than values typically obtainéchis is seen to be of the same form as for the single-resonator

for patch oscillators (see Section V). This suggests that a singise and depends only on the fundamental resonant circuit re-

parallel-tuned circuit does not adequately model the patch. T$istanceR ;. This approximation can now be used to obtain a

model can be improved by taking into account the first highesplution for the harmonic voltage amplitude.

order resonance of the patch antenna. In the single-resonator case, the full solution is written as the
sum of the fundamental and first harmonic sinusoids. However,
using this in the dual-resonator case produces insoluble simul-

IV. DUAL-RESONATORCASE taneous equations. It was found to be necessary to include a
second harmonic term in order to proceed. Thus, the form of
In order to model the first higher order resonance of a mike solution is
crostrip patch, a second parallel-tuned circuit is added in series,
as shown in Fig. 4. The voltage differential equation for the dual V = a; cos (wot) + as cos (2wet) + a3 cos (Bwot) .  (12)

B. Numerical Results

11)
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If (12) is now substituted in (9) and expanded in sines an Fundamental
cosines, four simultaneous equations are obtained. Assumi e
az < a; andasz < a1, We can ignore terms imyas, a3, and 0 //*"—' Y— v 5
a3, giving = 107
9 9 I D
A =4+9a792Rr1+33a1a392 Rp1 +9a1g2 Rp2 = a0 First
> .
+33a1a392R2—49, (Rp1+Rr2) \%'5 40{ a 4 4 4 &4 4 & 4 4| Hamonic
+20a291 (Rp1+Rp2)+54a392 (Rpi+Rpo) (13a) & -50 L
60 1
B =4goCra+4a291Cr2+8a291Cr1 —3a192C1o
270 . . , . . - : .
4a.C
—6a292C12+21a10392C12 +24a1a392C11 — 112 50 100 150 200 250 300 350 400 450 500
Ry Fundamental Patch Input Resistance, Ry ; (Ohms)
(13b)

Fig. 5. Voltage amplitudes for fundamental;§ and first harmonic «-)
C =4asgoRro— a%g1RL2 —10a1a391 Rr2 —9G%G2QQRL2 oscillations versus fundamental load resistanBe () in dual LC'R circuit
for analytic expressions, MDS harmonic balance and typical measured values
4a R —a2 Rr1—10a1a R —9a2a R go = 20mS,g; = 5mS,g, = 20mS,C; = ZQ pF,L; = 0.2 nH,
taazgoliLa 1914001 10391511 1029281 Cy = 20 pH, Ly, = 0.05 nH, R,; = 1/G ;. Analysis: — — fundamental,
(l3C) - - -firstharmonicR ., = 50, first harmonicR . = 5. Simulation (HP-MDS):
v fundamental 4 first harmonicR.. = 50, A first harmonicR.. = 5.
Measuremento fundamentalJ first harmonic.

—4(12
D = —2a590Cr1—a3g1Cr2+6a1a39:Cra+8ara391Cra

2a2C i i .
+302a595Cp1 + a2C 11 (13d) mental and square—first harmonic. These show that the theoret

Rro ical results are similar to those found with practical oscillators.

Proceeding as for the single-resonator case, the assumptiomb‘? results Sh(.)w that Iower|ng t_he resistance willreduce the am-
steady state allows (13) to be equated to zero. Solvingfor plitude of the first harmonic. This agrees with the results found

andasz and substituting in the approximate solution farin for reeeive—type active antennas [1], [2]. Thus, the analytical ex-
(112), a solution for the first harmonic is found in (14), showRressions give reasonab_le agreement with .measuremen't, agree
at the bottom of this page, whefd, = Ry1 + Rz andR; = with mtt_,ntlve understendlng of oscillator action, and provide a
“1+ goRs useful first-order de5|gn tool. A further development Weuld_be
The closed-form expressions fof anda, were again com- to_lnclud_e the nonl!near susceptance of the oscnlator_cwcun. It
pared with MDS. The results are shown in Fig. 5. The fund _!ght still be posgble to obtain closed-form expressions, and
mental oscillator output voltage is plotted against input resi —'S.WOUId resultin a much more accurate model for the patch
tance at the fundamental frequency. The range of resistancgﬁg'”ator'
typical for microstrip patches. The first harmonic amplitude is
also plotted at two different first harmonic input resistances. The
conductance coefficients have been recalculated at a differenf series of experiments were carried out to determine the de-
bias point in order to allow more realistic patch input impedgree of harmonic suppression that could be achieved using mi-
ances to be used, i.e., between 500£50rhe agreement be- crostrip patch oscillators. Three types of patch geometry were
tween the analytic expressions and MDS for the fundamenteded. Fig. 6 shows a rectangular radiating edge fed arrangement.
is very good and the agreement for the first harmonic is reasdfig. 7 shows a circular-sector patch of design proposed by Ra-
able across awide range of input resistance values. These regliftie et al.[2]. Fig. 8 shows a quarter-wave shorted rectangular
seem intuitively correct since, as the first harmonic resistandesign. The antennas were all fabricated on a substrate of rela-
approaches zero, the first harmonic amplitude reduces. Sotie permittivity 2.2 and height 0.508 mm and the MESFET
typical measured results are also shown as the circle—fund&vice chosen was the Hewlett-Packard HP ATF 26884. The

V. EXPERIMENTAL RESULTS

60C1293Rr2Ri + Cr1 (SO.G%RLZRt + 1192( —3Rp1 + RLZRf))
Ao =
2 108(4Cr1 + 3Cr2) 9192 Rr2 Ry

P
\/—14401%29%1%%2&( — 2592 R, + 332 Ry) \/0%1 (SOQ%RLth +11g2( = 3Ry + RLZRf))
+ +
108(4Cr1 + 3Cr2) 9192 R2 Ry 108(4Cr1 + 3Cr2) 192 Rr2 Ry

\/—24CL10L2g§RL2Rt( — 40097 Rp2 Ry 4 1192 (15R 11 + 19RLzRf))
) 108(4C 11 + 3C12) g192 Ri2 Ry

(14)
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Chip capacitor

Angle (degrees)

ds

Fig. 6. End-fed rectangular patch oscillator with MESFET (Agilent

ATF26884)W,, = 20.0 mm,L, = 24.0 mm, Ly = 24.5mm,L, = 5.0 mm,

L;=25mm,Ly = 16.5mm,Ly; = 11.5 mm, Ls = 25 mm. Widths:L,,

Ls,Le = 0.2mm, Lo, L3, Ly = 0.5 mm. R, = 8 mm, radial stub angle

= 120°. Square bias pads, 7.0 mm7.0 mm. — 3.7 GHz co-polar
~~~~~~ 7.4 GHz co-polar

— — 7.4 GHz X-polar

Fig. 9. E-plane radiation patterns generated by end-fed rectangular patch
oscillator of Fig. 6Vas = 2.5 V.

patch antennas were all designed to be resonant near to 4 GHz.
The same oscillator circuit was used as shown in [12] with the
addition of a gate-bias line to increase the tunability of the cir-
cuits. Drain bias was provided using radial stub bias networks.
Gate bias was provided with radial stub bias networks for the
L circular-sector and quarter-wave shorted patch and with a sur-
face-mount chip capacitor for the rectangular patch. In all cases,
the ground planes were approximately 70 mn70 mm.
The patch oscillators under test were mounted in an anechoic
V, chamber and placed 1.0 m away from a wide-band receiving an-
] ) ) ) ) tenna, which was connected to an HP83006 0—26.5-GHz ampli-
R lzc_[')rcnﬂﬁf'z‘fcf fgﬁ%ﬂfeg'ﬁtz i n'\{'n'iSLFSET:(/;?g'%‘;q’AEEZGZ884)fler The output of the amplifier was connected to the HP8560E
16.5 mm, Ls = 11.0 mm, Ls = 11.0 mm, L, = 35.0 mm. Widths:Z,, Spectrum analyzer. A personal computer was used to automat-
L7 =0.2mm, Ly, Ly, Ly, Ly, Ls = 0.5mm, B, = 5.0 mm, radial stub jcally control the experiments and record the output data. In
‘;‘”Oglrf]; Xli%’n?r; = 5.0.mm, radial stub angle= 120". Square bias pads, | caqes, the oscillator bias conditions were adjusted to obtain
the best harmonic suppression. The radiation patterns for these
patch oscillators were measured ths2eps through a full 360
Ves arc, in both co- and cross-polarizations at both fundamental and
first harmonic frequencies. Since the cross-polar result at the
fundamental frequency was always lower than the co-polar re-
sult, the data is omitted for clarity.

Via short circuit connections

A. Fundamental and Harmonic Radiation Patterns

Figs. 9 and 10 show th&- and H-plane radiation for the

end-fed rectangular patch of Fig. 6. The fundamenhtgllane
W, pattern agrees reasonably well with that expected for a rect-

angular patch. There is however a beam squint toad@ the
front-to-back ratio is quite poor. These could be caused by ra-
Fig. 8. Rectangular quarter-wave shorted patch oscillator with MESFé*.ation from the gate and drain transmission lines and from the
(Agilent ATF26884)1V, = 20.0 mm, L, = 12.0 mm, L, = 11.0 mm, chip capacitor ground connection at the gate line. The harmonic
Ly = 50mm, Ly = 2.5 mm, L, = 165 mm, L; = 20.0 mm, |eyels can be seen to be very high, in some case, only 1 dB

Ls = 11.0 mm, L, = 20.0 mm. Widths:L,, L5, L¢, Ly = 0.2 mm, .
LoLs.Ls = 0.5 mm, R, = 5.0 mm, radial stub angle= 120>, lower than the fundamental at boresight. Thieplane patterns

R, = 5.0 mm, radial stub angle- 120°. Square bias pads, 7.0 mzi7.0 mm. are shown in Fig. 10. The fundamental pattern is quite poor and
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Fig. 10. H-plane radiation patterns generated by end-fed rectangular pa — — 7.8 GHz X-polar
oscillator of Fig. 6V, = 2.5 V.

Fig. 12. H-plane radiation patterns generated by circular-sector patch
oscillator of Fig. 7V, = 2.3 V.
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Fig. 11. E-plane radiation patterns generated by circular-sector patch
oscillator of Fig. 7V, = 2.3 V.
Fig. 13. E-plane radiation patterns generated by rectangular quarter-wave

this is most likely due to radiation from the oscillator circuitryS"°rted rectangular patch oscillator of Figh® = 2.2 V.

The harmonic levels are seen to be generally lower here. Figs. 11

and 12 show the radiation patterns for the circular-sector patehd better than 13 dB in the upper half-plane. Figs. 13 and 14
oscillator. BothE- and H-plane patterns are as one would exshow the results for the quarter-wave shorted patch oscillator.
pect for a circular-sector antenna [2]. There is no beam squidain, good fundamental radiation patterns are shown in both
and a good front-to-back ratio. This may be due to the use bf and H -planes. In this case, the harmonic suppression is fur-
broad-band radial stubs instead of chip capacitors for gate thier reduced to better than 21.4 dB on boresight and better than
asing, as in the case of the rectangular patch. The harmonict@-1 dB in all of the upper half-plane. The performance of the
diation levels are much lower here, better than 18 dB at boresigitee antennas is summarized in Table I.
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pressions for fundamental and first harmonic voltage ampli-
tudes have been obtained for both single and ddak Van der

Pol oscillators. They have been compared with a harmonic-bal-
ance analysis using MDS. In the single-resonator case, excellent
agreement was found with MDS, but the levels of harmonic pre-
dicted were much lower than would be expected for patch os-
cillators. To improve the model, a second resonant circuit was
introduced to model the first harmonic resonance of the patch.
Here, reasonably good agreement was obtained with MDS and
the harmonic levels were closer to those typically found in patch
oscillators. The type of expressions obtained here can help to
give the active antenna designer insights into the complex na-
ture of these circuits without relying on time-consuming simu-
lation on expensive commercial computer-aided design (CAD)
packages. In particular, it has been shown that the first harmonic
level will reduce with the input resistance of the antenna at that
frequency.

The ideas proposed by the theoretical analysis have been ex-
perimentally investigated by constructing patch oscillators with
antennas having different input resistances at the first harmonic
frequency. The results presented show that best performance has
been obtained with a quarter-wave shorted patch with radiative

Fig. 14. H-plane radiation patterns generated by rectangular quarter-wayglge feeding, which will have very low first harmonic input re-

shorted rectangular patch oscillator of FigVg = 2.2 V.

sistance.
TABLE |
MEASURED MAXIMUM FIRST HARMONIC RADIATED POWER LEVELS REFERENCES
RELATIVE TO FUNDAMENTAL AT BORESIGHT FORTHREE . .
DIFFERENT TYPES OFPATCH OSCILLATOR [1] E. Elkhazmi, N. J. McEwan, and J. Moustafa, “Control of harmonic ra-

Max. Harmonic Level Relative to Fundamental at Boresight (dB)
Patch [2]
Boresight Upper Half-Plane
Oscillator
E-Plane H-Plane E-Plane H-Plane
Type
Co X Co X Co X Co X [3]
Rectangular -8.6 -10.7 -5.7 -10.7 -14 -10.0 -5.7 -5.7
Circular Sector | -30.0 | -17.9 | -30.0 | -19.4 | -15.7 | -13.5 | -294 | -156 [4]
Quarter- Wave
-214 | -243 | -250 | -25.0 | -17.1 | -23.5 | -19.5 | -20.7
Shorted

(5]

In terms of input resistance, the rectangular patch will have
the highest value; in the ideal case of a patch that is one wavel
length long at the first harmonic frequency, the input resistance
would be half of the radiation resistance and would be approxi-[7]
mately 200¢2 for the patch shown in Fig. 6 [15]. In the case of
the circular-sector patch, the input resistance is known to be very
low at the first harmonic frequency [2], and the quarter-wave g
shorted patch will also be very low. Further work would be re-
quired to correlate the measured harmonic suppression with ad®]
tual patch input resistances. [10

These results have shown that it is possible to reduce har-
monic emissions from patch oscillators in the principle radia{11]
tion planes by controlling the input resistance levels at the firs}1 |
harmonic frequencies. Full characterization of harmonic emis-
sion from patch antennas is a very demanding experimental task
and will require full three-dimensional (3-D) radiation patterns.[13]
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