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A Compact CPW-Based Single-Layer
Injection-Locked Active Antenna
for Array Applications

Kenneth H. Y. Ip and George V. Eleftheriad&$ember, IEEE

Abstract—A compact single-layer coplanar waveguide ment for a compact and simple active unit cell. To resolve these
(CPW)-fed active patch antenna oscillator at 9.81 GHz is pre- jssues, a single-layer coplanar waveguide (CPW)-based active
sented based on a commercially available GaAs FET, which is n5ich antenna unit cell was developed by these authors and is

centered behind the patch for tight packing. The positive feedback . . .
for the oscillation is accomplished through twin-slot aperture presented in [6]. The main advantages of the structure in [6]

coupling to the patch. This results in a design having its longest &€ th_at no v_ia-holes are necessary for g_roundin_g, only a single
dimension equal to 26.6 mm at 9.81 GHz. A low-power injection layer is required, and that electromagnetic coupling of the patch

signal is applied to stabilize the oscillation through parasitic s used for closing the feedback loop, which further reduces the
coupling at the CPW side of the circuit. This parasitic coupling  complexity of the antenna structure. These benefits do not com-

is achieved by electromagnetic coupling of the locking signal to . .
the gate of tr?/e FET. Theg measureg efgf]ective isotropi% ra?diated promise the quality of the performance when compared to aper-

power is 19.6 dBm, whereas the worse-case front-to-back ratio is tUré coupled designs [7], [8], making the design of [6] suitable
about 15 dB with the cross-polarized fields better than—20 dB at  for low-cost proximity sensing and collision avoidance appli-
broadside. The measured phase noise of the unlocked and lockedcations. However, the previous design reported in [6] required
signals are—63.28 and—107.5 dBc/Hz, respectively, at a 100-kHz 5 |ong delay line for adjusting the phase of the feedback loop,
offset away from the carrier. This compact design is ideally suited thus forcing the device to be placed outside of the patch. In addi-
as a unit cell in injection-locked phased-array architectures. . . L . Lo
. S . tion, that structure did not feature injection-locking capabilities.
Index Terms—Active antennas, CPW, injection locking, patch Both of these deficiencies make the design of [6] less suitable
antennas, phased arrays. for array implementations.
In this paper, a significantly improved design compared to [6]
|. INTRODUCTION and an associated design methodology are presented. In this im-
. . . _ proved version, the active element (GaAs FET) is centered be-
N THE pioneering work by _Ll_ao _and York, it was demonhindthe patch antenna. In particular, the GaAs FET is embedded
strqted that an extemnally !nject|on-[ocked actwe-anter!%a CPW-fed twin-slot arrangement, which is electromagneti-
array is capable of electronic scanning through detunna%”y coupled to a patch antenna resonator. Two open-circuited

without the use of phase shifters [1]. Depending on the ChpiEﬁDW stubs are utilized for gate and drain matching. This pro-

of the feeding network and the inter-element spacing, Var'oﬂased approach inherits the advantages from the previous de-

maﬁfimug’n l;eag\-slteering a||flgtlr:es ra?ging fr;)rﬂmllm’hcan (tj)e sign [6], with the added benefit of a compact size. In addition,
achieved [1}-{5]. In general, these types of novel phased-art, ow-power injection signal serves to stabilize the oscillation

designs require a compact active antenna as a unit eIemen? }%ugh parasitic coupling to the gate of the FET at the CPW

avoid grating lobes when scanning) and a proper network \de of the circuit, thereby avoiding the need of using microstrip

feeding the injection-locking control signal for a practical an ouplers at the patch side [5]: this leads to lower parasitic and
simple structure, with reduced spurious radiation and minimug) '

0ss-polarized radiation.
number of components.

Most of th ted iniection-locked phased desi The structure of this paper is as follows. In Section II, the con-
Viost ot the reported njection-locked phased-array desIgRg,, ation and design methodology of the improved active-an-
utilize patch antennas for implementing the unit-cell eleme

[1]-[5]. This is due to the well-established virtues of patch an nna element are presented, followed by the design of the in-

. . ection-locking feed network. Section Il describes the exper-
tennas such as that they are low cost, highly integrable wlﬁ I g W I : xP

lithic-mi int ted-circuit (MMIC) circuit q ental procedure and the results obtained for the active an-
monolithic-microwave integrated-circuit ) circuitry, an tenna, including the radiation patterns when the active element

are good resonators for self-oscillating active-antenna deSig@%cked at 9.81 GHz, the phase-noise performance, the effec-
In order to fully utilize the inherent advantages of patch an- ' ' !

T . ive isotropic radiated power (EIRP), the dc-to-RF efficiency,
tennas, several design issues need to be considered, suc P P ( ) Y

. o ndthe locking range of the active antenna.
spurious feed radiation, surface-wave leakage, and a require-

Il. ACTIVE-ANTENNA CONFIGURATION AND DESIGN
Manuscript received January 5, 2001. . .
The authors are with the Edward S. Rogers Sr. Department of Electrical ad Configuration

Computer Engineering, University of Toronto, Toronto, ON, Canada (e-mail: . . . . .
gelefth@waves. utoronto.ca). The active antenna proposed here is depicted in Fig. 1.
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overall structure. The shunt embedding network for the FET is
represented by a load resistangg, and three reactance$,,

L

A I B. Design
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g signal Fig. 2 shows the shunt feedback equivalent circuit of the
T

| LEL c(,uplingsu,tsi__,__,___é X2 and X3. The current sourcdi,; represents the injection
signal. The resistanc&;, and the reactanc&’s; model the
\ o radiation resistance and reactance of the patch antenna, respec-
Air Bridges DC Bias Network tively, whereasX; and X, represent the cumulative reactances
f;njected Signal of the capacitive coupling slots and the open-circuited CPW

matching stubs. The physical dimensions of Fig. 1 affecting
the elements of the equivalent circuit are marked in Fig. 2 for
Fig. 1. Layout of the active antenra. = 2.33,h = 1.57 mm,L, = 9mm, convenience.
Ly = 9.5 mm, Lq = 13.6 mm, IV = 0.2 mm, IV, = 0.4 mm, D, = 2.3 The oscillator design follows the procedure outlined in
mm, CPWgigna = 2.5 mm, CPWyop, = 0.1 mm,CPWlgena = 3 mm, - .
CPWl,., = 0.2mm,L = 5 mH, V,or = —0.785 V, and Vi, = 3.5 V. [91-[11] for calculating the shunt embedding network for the
FET. The small-signab-parameters of the FET are measured

_ o over a frequency range from 9-11 GHz using an HP8722C
whereas the active circuitry is accommodated at the back sifl&tor network analyzer and a custom-made thru-reflect line

in 50 CPW technology. The substrate thickness is ChoSefiR| ) calibration kit for the specific CPW environment.
to be 1.57 mm for a good compromise among surface-wagasonable values for the large-sigifaparameters can be
excitation, bandwidth, and front-to-back ratio. The injectioBstimated by appropriately modifying the magnitude of the
locked active antenna is designed to operate at 9.81 GHz usipga|-signal S»; while keeping the remaining small-signal
an ATF-26884 GaAs FET from Hewlett-Packard as the actifyrameters the same [4], [9]. The estimated large-si§pal
element. Compared with the design presented in [6], where {8&btained as follows. First, using the small-signal parameters

the device in between the coupling slots and behind the patdiculated from the following equations [9]:

for compactness. For matching, two open-circuited CPW stubs

are used at the gate and drain of the FET, as shown in Fig. 1. So1

For dc biasing, two discrete inductors with= 5 mH soldered Sio

on the board with silver epoxy are utilized as RF chokes, as Go = {K Sy
2

2

-1

1)
shown in Fig. 1. Furthermore, the injection-locking signal is Sel” 1}
fed on a 50%2 terminated CPW transmission line, as also shown
in Fig. 1. Parasitic coupling between the locking signal and - _ 1 +[S1152 — So1S12]? — [S11]2 — [ S @
active antenna is achieved by connecting the injection signal 2|S12] [S21]
line to the open-circuited stub at the gate of the FET usin . . )
a pseudo-T-junction (see Fig. 1). Coupling at the gate of t .ereK is the Rollgtt stab|I|ty_ factor. Ngxt, the maximum ef-
active antenna has the advantage of lower power leakage of ffient gain at the point of maximum oscillator pow@f,r, can
injection signal and, thus, lower parasitic radiation than whélf calculated using the following expression:
coupling to the drain. In addition, this approach avoids the use _ Go—1
of microstrip coupling to the patch side for implementing the Gue(max. oscillator power= m(Go)’ 3)
injection-locking feed network, in contrast to [5], which helps 0
to maintain low cross-polarization and low parasitic radiation Equation (2) is derived in [9] using the approximated
at broadside. power-gain saturation characteristics of a FET power amplifier.
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:"%"'X;f"d:"“: "--dz-_---}-x--%' - translated into the equivalent circuit shown in Fig. 4, which con-
: 172 sists of the complex shunt radiation impedarite+ j X5 and
Gate Stubl  Slot-coupled patch antenna  : Drain Stub two shunt reactanceXs,; for representing the capacitance of
X1 = Xs1ot / XGate X5 = Xgi0t / Xprain the coupling slots. Subsequently, a parametric analysis relating

the dimensiond.,, D,, andW, (see Fig. 3) with the equivalent
circuit in Fig. 4 has been undertaken based on HP Momentum.
It was found that the equivalent lumped elemehits X3, and
Xsiot are less sensitive to variations of dimensi@dhsandW,.

On the other hand, there is greater sensitivity on the length of
the coupling slotd.; (see Fig. 3). For this latter case, the varia-
tion of B, X3, andXg. is shown as a function df,, in Fig. 5.

Fig. 4. Schematic for the final passive structuRs, = 43.6 2, X3/w
0.314 pF, Xgjot/w = 0.135 PF, Xpeain/w = 0.105 pF, andX qate /w
0.895 nH.

OnceGyg has been calculated, the large-sigh#d; | can
be obtained by substituting, with Gy into (1). In this de-

sign, the device has a small-signék;| = 7.8 dB and aGy = . .
. - o Based on Fig. 5, the length of the sldts is chosen such that
11.1 dB corresponding to &ye = 6.7 dB and yielding a required embedding, value of (4a) is closely achieved. In

large-signal 5z | = 3.6 dB. With these large-signai-param- ;. example, avalue df, = 2.7 mm has been chosen, yielding
eter values, the shunt feedback embedding circuit, shownalﬂR — 43 6 Q. which Sis cldse to the value g8, — 3’2 30

Fig._ 2’.i5 calcuIaFed from a se_t of equa_\t_ions given in [.11] fOrrequiLred by.(4a),. It was not judged prudent toLchoosé an even
achieving an optimum qscﬂlaﬂon cond|t|qn at th? design fref(')ngersloth to further reduce the patch resistard¢g in order
Sil:;gscy of 9.81 GHz. With reference to Fig. 2, this proceduEg contain parasitic radiation from the slots and CPW lines, and

to maintain the integrity of the CPW ground plane. Furthermore,
R; =323 Q (4a) it should be noted that.increasing the patch dimen_sigrabove
resonance) would swing the patch reactafgan Fig. 5 from

X1/w=0.665nH (4b) capacitive to inductive as required by (4d), but at the expense
Xo/w =2.08 nH (4c)  of a longer patch and a lower front-to-back ratio. A sizgof
X3 /w =0.628 nH. (4d) 9 mm is chosen for this compact design.

Subsequently, the lengths of the two open-ended CPW stubs,
After calculating the embedding circuit from the measuregpresented byX¢ate aNdXpraim in Fig. 4, were optimized in
S-parameters of the FET, a distributed version of the embegtder to meet the oscillation condition. Specifically, the length
ding circuit is realized by the slot-coupled patch and the twéf the stubs are computed such that the reactances of the stubs
matching stubs at the gate and drain of the active device. TRe. .. and Xp..m, plus the reactances of the coupling slots

design of the slot-coupled patch is based on HP Momentumyxa, ' are equal to the calculated valu&s and X, of the em-
method-of-moments full-wave electromagnetic planar solver.gedding network, i.e.,

symmetric structure for the slot-coupled patch is adopted for a
simple design and is shown in Fig. 3. X1 = Xsiot// Xaate (5)

First, using HP Momentum, the dimension of the paigh X3 = Xstot// X Drain. (6)
(see Fig. 1) has been designed to achieve a condition close to an-
tenna resonance at 9.81 GHz, and to yield a good front-to-backBased on this procedure, the minimum possible lengths for
ratio [8], [12]. In addition, a fixed distance dP, = 2.3 mm the gate and drain stubs have been determined to be 9.5 and
between the coupling slots was maintained for accommodatihg mm, respectively. However, a one-half guided wavelength
the FET symmetrically in the center of the active antenna (skee is added to the drain stub, resulting in a value of 13.6 mm.
Fig. 3). TheS-parameters of the resulting structure were theidding this extra section to the drain stub avoids the unwanted
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TABLE | ° i i
SUMMARY OF THE MEASURED CHARACTERISTICS OF THEACTIVE ANTENNA Locked
S S 1 D R Unlocked| |
Vis = 3.5V min max ge“tf{y{,"q =13 i(gl!lzcﬂz
Free Running - cs. = z
Frequency fosc(GHz) | 9.789 | 9.845 E Video BW = 10kHz
Vs (Volts) [ -0.604 | -1.024 %
Igs(mA) 32.5 23 g
Locking Range %
(ffree—running=9.81 GHz) £
Pinj = -10 dBm fin;(GHz) | 9.805 | 9.815 i
P;,; = 0 dBm finj(GHz) | 9.795 | 9.826

coupling between the open-circuited stub and the patch ai 1! : :
tenna, at the expense ofa Iarger active-antenna size. The ovel 60 98005 03007 D808 08090 081 98107 08100 08103 98104 95105
structure is verified and fine tuned using the oscillation test ir Frequency (GHz)

the schematic part of HP ADS, a popular microwave circuit

simulator. Fina”y, the |ay0ut of the pseudo-T-junction (Se@'g. 6. Measured spectrum of the free-running and locked signal.
Fig. 1) for the injection-locking network is simulated using
HP Momentum, and a coupling level ef12 dB is obtained.
Injection locking is applied at the gate stub of the FET via the
pseudo-T-junction to minimize the power leakage and parasitic
radiation from the injected signal through the active antenna.
The layout of the injection-locking network is shown in Fig. 1.
As shown, the injection line is terminated to a &(resistor to
avoid standing waves along the line.

—— Measurement

—— HP-Momentum

I1l. EXPERIMENTAL RESULTS

The active antenna is built on a Duroid 5870 substrate of
g, = 2.33 with a thickness ofi = 1.57 mm, as shown in
Fig. 1. Air bridges are built on top of the CPW lines, espe-
cially around the pseudo-T-junction and the injection line, to
suppress the parasitic slot-line mode. A free-running oscillation
frequency of 9.817 GH£28 MHz has been measured using an
HP8563E spectrum analyzer. On the other hand, an HP83620B
series swept signal generator is used to provide a low-noise in-
jection signal to the active antenna. When the active antenna is
locked to the injection signal, a locking range of 10 and 31 MHz
is obtained for an injection power level f10 and 0 dBm, re-
spectively. The measured characteristics of the active antenna
are summarized in Table I. The RF-spectrum of the free-running
and locked signals with a 0 dBm of injected power as measured
with the HP8563E spectrum analyzer are shown in Fig. 6. Using
the same spectrum analyzer, the phase noise of the locked and
unlocked signals is measured manually based on the following
method. With the resolution bandwidth of the spectrum analyzer
set toRBW = 1 kHz, sideband power levels are measured and
averaged at 100 kHz away from the carrier. The following rela-
tion then applies [13]: Pipj =5 dBm

Pooise = Pridevand — Pearrier — 1010g(RBW) dB. (7) Fig. 7. Measuredz-plane active radiation pattern at 9.81 GHz.

Using this procedure, the phase noise of the locked and @m unlocked active antenna. Clearly, a cleaner spectrum is ob-
locked signal is calculated to bel07.5 and—63.28 dBc/Hz, served when the active antenna is locked to a stable injection
respectively, both at a 100-kHz offset away from the carriesignal, which is consistent with phase-noise analysis of injec-
Note that the phase-noise software utility for the HP8563E fi®n locking [14].
not reliable when measuring the phase noise of an unlocked acthe active-antenna patterns of the unit cell when locked
tive antenna because it assumes that the frequency of the sidgnaale been tested in the anechoic chamber of the University
being examined does not drift in time, which is not the case fof Toronto, Toronto, ON, Canada. Figs. 7 and 8 show the
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Pim =5dBm

Fig. 8. Measuredd -plane active radiation patterns at 9.81 GHz.

TABLE 1l
SUMMARY OF THE MEASURED PERFORMANCE OF THEACTIVE ANTENNA
Vs = 3.5V
EIRP 19.6 dBm
Poss 11.3 dBm
Directivity 8.3dB
Nde—rf 14 %

measuredE- and H-plane radiation patterns at 9.81 GHz

485

respectively. From the measured radiation patterns, the direc-
tivity of the antenna is estimated to lhe= 8.3 dB, resulting in

an effective transmitter powe¥, sy = EIRP— D, of 11.3 dBm

and a dc-to-RF efficiency of 14%. These results are summarized
in Table Il. It should be noted that the presented unit cell has not
been optimized for high dc-to-RF efficiency. This can be accom-
plished by operating the underlying amplifier in a class-E mode
[15]. It should be pointed out that, due to the CPW slot coupling
used at the center of the patch (see Fig. 3), the input embed-
ding impedance presented to the device at the second harmonic
closely corresponds to an open circuit. This assertion has been
verified both using HP Momentum, as well as experimentally,
and it is the primary requirement for class-E operation [16].

IV. SUMMARY AND CONCLUSION

A compact injection-locked single-layer active-antenna os-
cillator based on 5@ CPW technology has been successfully
designed and tested at 9.81 GHz. This CPW-based design
eliminates the use of via-holes, and tightly integrates the FET
device with the patch antenna; thus making it suitable for
injection-locked phased-array applications. By utilizing slot
coupling from the device to the patch for closing the feedback
loop, the number of lumped-element components is minimized,
and the size of the unit cell, as well as parasitic radiation, are
reduced. In addition, an injection-locking path is established at
the CPW side through parasitic coupling to the gate of the FET,
leading to low spurious leakage of the injected power.

Despite the tight packing of the device to the antenna, a
modular design methodology has been presented, which allows
the implementation of the proposed layout in a systematic way.
The final measured results for the designed active antenna
at 9.81 GHz demonstrate cleall- and H-plane patterns,
exhibiting a cross-polarization level better thai5 dB. The
active antenna achieves an EIRP of 19.6 dBm, a front-to-back
ratio of 15 dB, and a locking range of 31 MHz. On the
other hand, the measured phase noise of the locked signal is
—107.5 dBc/Hz at a 100-kHz offset away from the carrier. This
compact unit-cell design can be utilized as the building block
in phase-shifterless beam-steering array applications.
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