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An X-Band Self-Mixing Oscillator
Antenna for Transceiver and Spatial
Power-Combining Applications

Claudio M. Montiel, Member, IEEE Lu Fan,Member, IEEE and Kai ChangFellow, IEEE

applied to develop anX -band self-mixing oscillator antenna. The | One—Port

antenna uses a Gunn diode as the active device that provides the| Active | Matching

| |
oscillations and self-mixing operations. The circuit uses a slotline | Device I
ring resonator for frequency stabilization and can be modified | |
to include a varactor diode for wide-band frequency tuning. The |
circuit performance is compared with theoretical results derived L _ __ _ _| [T U r L]
from simple transmission-line models. The radiation patterns of D e L

the self-mixing oscillator antenna are also compared with those Iy Z¢ Z

mz@su:jed from al similarly conflg]urled plass'\{ﬁ anteEga.mece the Fig. 1. Generalized one-port oscillator design. A GaAs Gunn diode is used as
radiate pOW?r_ also serv_es ast e_ Oc_a_ oscillator (LO) frequency the active device for the oscillator active antenna. The load is a slotline flared
for the self-mixing operation, the circuit is useful as a half-duplex  antenna with exponential taper. The impedance-matching network consists of

t"_ansceiVe_l’- When the self-mixing operation is not required, a the Gunn diode’s package parasitics and a slotline ring resonator.
single oscillator antenna can be used as a transmitter and several

units can be assembled in a planar array for spatial power-
combining applications. [I. OSCILLATOR ANTENNA DESIGN

Abstract—The general theory for oscillator and mixer designis [~———— 7] [ 77
|
|
|
|

[
Network |
|

I |

| Impedance | | Load I
\

Index Terms—Active antenna, power combining, self-mixing Microwave oscillator design and microwave amplifier de-
oscillator, transceiver. sign are very closely related. In fact, the same transistors,
dc-bias levels, and set of-parameters can be used for
oscillator and amplifier design. The circuit must be designed

) ) _ _in such a way such that the load does not know whether it is
VER THE last few years, the direct integration of osCilzonnected to an oscillator or an amplifier. In the case of an

lator and amplifiers into antenna structures has receivgghive antenna, the load is the radiating structure itself.
a great deal of attention because of the potential for reducedrpe gesign of microwave oscillators is well understood and
size, weight, and cost [1]-[3]. Self-mixing oscillators [4] anGs general theory can be found in one of the many textbooks

self-mixing active antennas [5] have also been demonstratgga"ame, e.g., [6]-[8]. As such, a detailed development will
but require careful analysis of the design tradeoffs involvedq ot pe given here; only a brief outline will be given and

The circuit presented in this paper offers many advantaggge results will be applied to the design at hand. There are

The cir_cuit is extremely §imp|e, req_uiring only one Gunn diodg,q commonly used methods for the analysis and design of
for oscillator and self-mixer operations. Thus, only one powgfijators, depending on whether the active device is modeled

supply is required for the basic circuit operation. In additionys 5 one- or two-port network. This circuit uses a Gunn diode
the circuit is etched using photolithographic methods, whighodeled as a one-port network.

allow construction at a very low cost. The circuit does not rig 1 shows the generalized oscillator circuit for a one-
require a metallized backplane for good performance. Thgyt active device. The impedance of the active device can be
incorporation of the slotline ring resonator and the slotlingyyressed as

flared antenna result in excellent phase-noise stability and goo

radiation characteristics. Zp=—-Rp+jXp, with Rp>0. (1)

I. INTRODUCTION

The driving-point impedance seen by the diode is the
impedance presented to the diode by the load and impedance-
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The conditions for oscillation start-up from noise require VN //7’- / ;
that s yod / oS
o e staGo ik

|Re(Zp)| — Re(Zc) =2 0 3 ///QK “gﬁ?/m{%//{ !
and / Yo

_ P
Im(Zp) + Im(Z¢) = 0. (4) e Y. \es % ye >>

7 unn oae
The oscillation will build up to steady-state condition and the /Gf Iy %‘9/“”’“ /)}n/n/>\
negative resistance will decrease with increasing RF current ,///// (}I}at/4 kdyl{ //
until it is exactly equal to the circuit resistan¢&.) for this 7 ‘ :

series circuit. There is a load circuit resistance, which produo'{:_ig. 2. Gunn-diode oscillator antenna configuration. The circuit does not
. . . . . .have a metallized backplane. The slotline ring resonator has a mean radius
optimum power. Typically, this optimum load resistance i 3.88 mm and a gapwidth of 0.18 mm. The length of the antenna is 60

about one-third of the small signalRp,. mm. The complete circuit was etched on a 78 mn88 mm piece of Duroid

At the Osci”ating frequency‘o’ the conditions for oscillation 5870 substrate, 1.575-mm-thick, 1-ounce copper metallization, and relative
can be rewritten as dielectric constant of 2.33. Note that some dimensions have been exaggerated

to enhance detail, and the wire for dc bias to the center of the ring is not
RC(fO) :RD(fO) ©)

shown.
XC(fo) :_XD(fo)- (6)

The value ofRp (f,) in (5) will control the output power of the
oscillator, while (6) will determine the oscillating frequency. TP e

In general, the device impedance is not only a function of .. ,: 3 to 27
frequency, but also depends on the dc-bias current, RF current _ 21 = 100 ons
generated, and operating temperature. Thus, (5) and (6) will;,q. 7t 72

Free Space
377 Ohms

135 Ohms
170 Ohms

5 Z
also depend on these parameters. Chip D ‘ Z4 = 205 Ohms
100 Ohm 75 = 240 Ohms
“Rg | Slotline 726 = 275 Ohms
1/4 wavelength 77 = 310 Ohms

Ill. CIRCUIT CONFIGURATION AND MODELLING

The self-mixing oscillator antenna consists of a slotline o o o
notch antenna with a Gunn diode and a slotline ring resonath; 3, Crant emgg:é ‘\jvs;: ;ﬁ%f:}ggﬂ”fg&?f{?ﬁci og.,_?TSCF')','f’“O”'
The Gunn diode is placed across the slotline ring resonatorzat=0.30 nH, ¢, = 1.05 pF, andR, = 8 €. The shunt capacitandg, is
a low impedance point to meet the oscillation conditions giveaproximately 1 pF. The transformer turns rationis= 0.7. The lengths of
by (5) and (6). Since the Gunn diode is capable of oscillatioff§ 2"enna segments were set at 7.5 mm.
over a range of frequencies and the slotline antenna is by
nature a broad-band device, a slotline ring resonator is addedPetermining the oscillating frequency of the circuit is
to increase the frequency stability of the circuit. The slotlingtraightforward. Using the circuit model shown in Fig. 3, the

ring’s resonant wavelength can be determined from device and driving-point impedances can be found as functions
B of frequency. The Gunn diode used was an MA/Com MA
21T = N Ay, forn=1,23,--- (7)  49104-111 rated for a minimum continuous wave (CW) power

output of 25 mW. The diode package parasitics were provided
" by the manufacturer as typical values @f = 0.27 pF and
Ls; = 0.30 nH. The value ofC, = 1.05 pF is estimated from

0]. Since R, is usually small, generally in the range of
gproximately 6122 [4], [6], [10]-[11], a value of 8% is

where7 is the ring’s mean radiusy, is the guide wavelength
andn is the mode number [9].
Fig. 2 shows the circuit configuration of the self-mixin
oscillator antenna. The circuit was etched on a Duroid 58
. . . . ; a
substrate, with a relative dielectric constant of 2.33, thicknes ot . . .
Sed as an approximation for the analysis of this experiment.

of 62 mil (1.575 mm), and 1-0z copper metallization. The slot- L . . .
line ring resonator was designed for a characteristic impedanche diode’s negat!ve reS|st.ance will decrease fro{ to
80 plus the residual resistance to a value of abeg@t}

of 10092 and has a mean radius of 3.88 mm and a line width 5{ -
at the frequency of oscillation.
The parallel capacitandg, is caused by the finite thickness

0.18 mm. The first resonant mode of the rifrg= 1) occurs
of the metallization layer on the substrate and slotline gap.

at 10 GHz for the dimensions given.
The slotline notch antenna uses an exponential taperdo. o
Sing the parallel-plate approximation

match the impedance of the ring to free space. The antenna

length from the feedpoint to the end of the substrate is 60 mm. C, = 2rrteen (8)

The gap at the feed point is 0.18 mm and the gap at the mouth d

of the antenna is 31.5 mm. The Gunn diode is mounted ornwéere » is the radius of slotline ringt is the metallization
piece of aluminum that serves as the heat sink required by thecknessg.; is the effective dielectric constant, adds the

low dc-to-RF conversion efficiency of the diode. The dc biadotline gap.C,. can be found to be approximately 1 pF.

to the Gunn diode is provided directly to the center ring by a The discontinuity effects between the resonator ring and
thin wire, which is not shown in the figure. the slotline antenna are modeled as a transformer with a turn
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Fig. 4. Theoretical and experimental results of the frequency of oscillation: I et I R
The “x” marks the measured oscillating frequency of 9.259 GHz for a
Gunn-diode bias voltage of 10 dc voltage (VDC). The residual resistance
must be greater than or equal to zero for oscillations to occur. The frequenay B ke
of oscillation is the frequency at which the total reactance curve takes ON@ENTER. 14 . 83GH= SPAN 23.75GHz
value of 0. ABW 1 .O0MHz= VBW 4 .0MHzZ SWP SO0O0Oms

Fig. 6. Radiated spectrum. The second harmonic level is 26.16 dB below
the fundamental frequency of 9.26 GHz.
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The oscillator output is radiated by the slotline antenna.
Fig. 7 shows theF- and H-planes radiation patterns of the
oscillator antenna. The received power was measured in a
mini-anaechoic chamber using Narda 640 standard horns at a
distance of 1.2 m. The half-power beamwidths (HPBW'’s) are
33.¢° and 47.0 for the £- and H-planes, respectively. Cross-

‘ 26.0 polarization levels (CPL’s) for the- and H-planes were

8.0 80 100 110 120 measured at 13.18 and 6.69 dB below co-polarization. These
Bias Voltage (Volts) results compare well with those obtained from a similarly

Fig. 5. Oscillator bias-tuning performance. The bias-tuning range is 1&®nfigured coplanar waveguide (CPW)-fed passive antenna.

MHz for Gunn-diode biases from 8 to 12 VDC. The output power is fairlyrhe passive antenna had HPBW'’s of 394nd 47.0 and

constant for the tuning range, staying within 281 dBm. CPL’s of 18.74 and 16.51 dB below co-polarization for the

E- and H-planes, respectively.

ration : 1 with n = 0.7 obtained from the theory given in
[12]. The slotline antenna was modeled as a seven-segment V. VARACTOR-TUNABLE OSCILLATOR ANTENNA
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stepped-impedance transformer. The planar nature of the circuit allows for the easy integra-
tion of additional devices for increased functionality. Thus, a
IV. CIRCUIT PERFORMANCE varactor diode was added to allow for wide-band tuning. These

From the model and the values given above, impedangggture allows the circuit to be frequency modulated without

Zp and Zc can be calculated, and the results plotted. Fig. uqh added complexity. .
. Y . . Fig. 8 shows the varactor-tunable oscillator antenna. The
shows a plot of the “residual” resistance given by (3) and

L . . varactor used was an MA/Com MA 46600F-137 diode. Typical
the total reactance. For the circuit to oscillate, the residug o :
. values for package parasitics were provided by the manufac-
resistance must be greater than or equal to zero. The frequenc
S . ) . urer asC,, = 0.05 pF andZ,, = 0.50 nH. The other parameter
of oscillation will be determined by the zero crossing of the : .
values for the varactor diode were obtained from [6] and [10]
total reactance curve. The largex™ shows the measured

as R, = 1 ©Q and R;(v) > 10 M. The value ofC;(v) is a

oscillation frequency at 9.259 GHz for a Gunn-diode biaf?mction of the junction’s reverse bias voltagand is obtained
voltage of 10 V. Considering that the modeling parametefs J a9

. . rom

are typical or calculated values, the experimental results show
extremely good agreement with the model predictions. o _o (1LY - 9
Fig. 5 shows the bias-tuning performance of the oscillator i) =Co 1+ g ©)

antenna. The power output variations are withil dB _ o _ o

of +28-dBm effective isotropic radiated power (EIRP). Th¥/here C, is the junction capacitance at zero bias,is a
oscillator antenna provides a bias-tuning range of 138 MHarameter that depends on the diode doping profile, and
from 9.316 to 9.178 GHz for Gunn-diode biases from 8 té IS called the built-in potential. The values given by the
12 V. The antenna radiated a clean spectrum with a phdg@nufacturer were 1 pF, 0:5 0.03, and 1.3 V, respectively.
noise of—95.33 dBc/Hz 100 kHz away from the carrier. Thd Ne value forC;. decreases to 0.5 pF due to the additional bias

second harmo_n'c prOduced 1S 26':!-6 dB belqw the fundamema}M/A Com Semiconductor Products Operatidi/A Com Semiconductor
frequency. This measured result is shown in Fig. 6. Products CatalogBurlington, MA, pp. 5.33-5.40 and A.17.
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1 ~ / l e Fig. 8. The varactor-tuned oscillator antenna. The circuit does not have
-25 \ a metallized backplane. The slotline ring resonator has a mean radius of
1 ! .88 mm and a gapwidth of 0.18 mm. The length of the antenna is 60 mm.
3.88 d dth of 0.18 The length of th t 60
T [\ : The complete circuit was etched on a 78 mm38 mm piece of Duroid
=30 et ' I T 5870 substrate, 1.575-mm-thick, 1-ounce copper metallization, and relative
-90 -60 -30 0 30 60 90 dielectric constant of 2.33. The additional dc cut is only about 0.8 mm. Note
Angle (Degrees) that some dimensions have been exaggerated to enhance detail, and the wires
9 9 for dc biases are not shown.
(@
Varact.
0 Diode -
T Ci(v)
51 H-Plane Co-Pol
/ .
o .""‘/,"‘”'. L 100 Oh
<) -10 T — .‘ = g Gt f\ - Slotlinem n:1
o 1, . ~ ' \./ 1/2 wave Stepped
g i . i k Impedances g;f}e Oshprfxze
o -15 g g T\ to 27
R Coo
© o R ' Z1 = 100 Ohms
T 20 o Diode ’ 72 = 135 Ohms
4 [+, H-Plane Cross-Pol Chip 74 = 205 Onms
Tt — 25 = 240 Ohms
25 * — Rg Slotline Z6 = 275 Ohms
I Z¢ 1/4 wavelength 27 = 310 Ohms
Zp
-30 ———+—+—+ o pt—
00 -60 30 0 30 60 0 Fig. 9. Circuit model used for determining the frequency of oscillation. The
varactor diode used was an MA/Com 49 600F-137, with = 0.05 pF,
Angle (Degrees) L, = 0.50 nH, R, =1 Q, and R,(v) > 10 MS in reverse bias. The shunt
(b) capacitance&’,. is approximately 0.5 pF due to the additional bias cut needed

for the varactor voltage. The transformer turns ratimis= 0.7. The lengths
Fig. 7. (a) TheE-plane radiation pattern shows an HPBW 33dhd a CPL  of the antenna segments were set at 7.5 mm.
of 13.18 dB below co-polarization. (b) Th&-plane radiation pattern shows
a HPBW of 47.0 and CPL of 6.69 dB below co-polarization.

cut required for varactor biasing, which reduces the parallel-
plate approximation area by one-half.

A simple model was developed to determine the frequency
of operation and tuning range of the varactor-tuned oscilla-
tor antenna. Fig. 9 shows the transmission-line model. The
experimental results agree extremely well with the model's
prediction and are shown in Fig. 10, where the larges™
mark the measured frequencies for varactor biases of 8 and
25 V, respectively. T_he measured frequencies agree very well o 92 Frgc']‘ttency (%Sz) 58 10
with the zero crossings of the total reactance curves. There
was a degradation of power output to 353 dBm. A tuning Fig. 10. Theour:etical and experimental results for the varactor-tuned oscillator

. antenna. The X” marks the measured oscillating frequencies of 9.308 and
range of nearly 400 MHz, or about 4%, was obtained. The§@g1 GHz for varactor diode biases of 8 and 25 VDC, respectively.
measured results are shown in Fig. 11.

The radiation performance of the varactor-tunable antenna
remained essentially unchanged throughout the tuning rang¥!- SELF-MIXING AND INJECTION-LOCKING PERFORMANCE
The phase noise was slightly improved+d03.2 dBc/Hz at  Additional experiments were performed to study the self-
100 kHz away from the camera due to increased loagesf mixing and injection-locking characteristics of the new con-
the circuit. However, the second harmonic level increased figuration. In the self-mixing operation, the Gunn serves as a
23.5 dB below the fundamental frequency. transmitter, local oscillator (LO), and mixer. The self-mixing

Impedance (Ohms)
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T15 -
RF  Standard Standard 2 | .
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o | .
£ I *
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Source Horn R . o . . . .
@ ’EQ/\/\“ \\\\\\\\\ Flg.‘14. Injec_tlon-lockmg performancz_e. A locking-gain of 30 dB with a
\\\\\\\\\\\\\\\\\\\\\\ locking-bandwidth of 17 M‘Hz was obtained at 10 GHz. An exter@aiactor
'NC Bias of 18.6 was computed using the above values.

Fig. 12. Conversion-loss measurement setup. Narda 640 standard horns were

used in the experiment. The power levels were measured with an HP8562A

spectrum analyzer. A bias tee was used to prevent the intermediate frequeanyenna was calculated to be 18.6 using the equation found
(IF) signal from leaking into the dc power supply. in [13]

. . fO PO
performance of the oscillator active antenna was measured Qe = Af / P (10)
using the test setup shown in Fig. 12. ¢

The distance separating the transmitting and receiving an- . . .
P 9 9 9 where Q. is the external@-factor, f, is the operating fre-

tennas was set to 1.58 m. The isotropic conversion loss IS . e . . .
: . ; . . ency,Af is the one-side injection-locking bandwidth, is
defined as the ratio of the isotropic received power to the . . . N
free-running oscillator power, arfg is the injection-lock

power. Since isotropic radiators are unrealizable, Narda 6SI nal power
standard horns with a gain of 16.3 dBi at 10 GHz were use '
to measure the reference power inste&d; was measured
directly as—6.17 dBm. Thus, we obtain &, of —22.47 dBm. VIl. CONCLUSIONS

The IF power was measured a22.83 dBm, from which an A Gynn diode has been integrated with a flared slotline

isotropic conversion loss of 0.36 dB can be obtained. Singgienna using a slotline ring resonator. The configuration
the slotline antenna gain was calculated to be 14.2 dB \ghg |ater modified to incorporate a varactor diode to form
10 GHz, a double-sideband conversion loss of 14.56 dB gryaractor-tuned oscillator antenna. Simple models were de-
a single-sideband conversion loss of 11.56 dB is obtained.yeloped to predict the circuits behavior. The models were
The injection-locking test was performed using the setypjlidated by the experimental results obtained.

shown in Fig. 13. When an external signal at frequerfey  Both circuits exhibit good performance and offer a simple,
with power F; is directed at a free-running oscillator operatingugged, lightweight, and low-cost tunable source for many
at frequencyf, with power output?’,, when f; is close tof, microwave applications. Because the Gunn diode exhibits self-
the free-running oscillator will injection-lock with the externaimixing performance, the device can be used as a half-duplex
signal and all the output power will be at frequenfy The communications transceiver or as a Doppler radar frontend.
ratio P,/ P; is the locking gain, and the frequency differencéf the self-mixing operation is not required, these oscillator
betweenf, and f; is the one-side injection-locking bandwidth.antennas could be used in planar arrays for coherent spatial
The locking-gain versus locking-bandwidth results are shovpower combining due to their injection-locking characteristics,
in Fig. 14. A locking gain of 30 dB with a locking bandwidthwhich could be accomplished through mutual coupling or with
of 17 MHz was obtained at 10 GHz. Th@-factor of the an external source.
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