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A New Approach for a Phase
Controlled Self-Oscillating Mixer
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Abstract—The analytical and experimental demonstration of push—pull circuit design has also demonstrated high-frequency
subharmonic synchronization and phase shifting of a push—pull conversion gain, low noise figure, and low-power consumption
self-oscillating mixer is presented for the first time. Inherent compared to any other reported work [4]

high mixing gain of the self-oscillating mixer circuit is exploited H h t ication in distributed t
to generate a strong signal at the same frequency of the ref- 1OWEVEr, conerent communication in distributed Systems

erence signal, which is related to the local oscillator's (LO) implies phase stability in addition to the frequency synchro-
phase information. A phase error between this signal and the nization. A subharmonic IL with phase-locked loop (PLL)

reference signal is extracted in a phase comparator before phase techniques—known as injection-locked and phase-locked loop
locking. Analytical modeling of frequency and phase stabilization (ILPLL)—has been developed to parametrically phase lock an

of the push—pull self-oscillating mixer is presented, which is also . .
experimentally verified for a self-oscillating mixer at 12 GHz. This oscillator at 18 GHz to a reference signal of 9 GHz [5]. In

self-oscillating mixer circuit demonstrates efficient phase locking, SUch a method either a frequency multiplier or divider has to
0°-18C continuous phase shifting capability in addition to the be used as part of the phase comparison between the reference

reported large locking range (>10 MHz), low close-in to carrier and the free running oscillator signals; however, this method

phase noise {7 dB degradation of a 6 GHz synthesized reference f rag|ization is undesirable because of the additional prime
signal), and a high mixer conversion gain £17 dB at 17 GHz). fi d ¢
The demonstrated subharmonic phase locking approach replaces power consumption and components.

the need for a frequency multiplier or divider before the phase ~ This paper presents an alternative method of phase locking
comparator. The synchronized push—pull self-oscillating mixer based on the internal mixing of the LO with a subharmonic IL

circuit is applicable to the millimeter-wave frequency distributed  reference signal to avoid the need for a frequency multiplier
tr?fnsm'tttersbha”d re.ce"’re]rs’ Wh‘:ﬁ low-loss Iphl‘j.se Sh'ft'k?g da?d or divider circuits. Even though this concept is experimentally
Zc;ﬁf\?e_su armonic phase and frequency focking are hard 10 4o monstrated earlier for a push—pull self-oscillating mixer [6],
an analytical model is presented in this paper to explain the ex-
Index Terms—jection-locked oscillators, phase-locked oscilla-  yarimental results for a 12 GHz self-oscillating mixer. Section
tors, phase shifters, phased array antennas, push—pull oscillator, Il presents the operating principle of the subharmonic phase
self-oscillating mixer. . N :
locking and derivation of the expression for the phase error
between the LO and the reference signal. This method is then
. INTRODUCTION expanded in Section Il to achievé-Q18C analog phase shift

OHERENT communication systems require frequend@r the phase synchronized LO signal. Specifically, a nonzero

translation of the RF/IF signals using highly stabilize@eference voltage is applied to the operational amplifier (Op-
local oscillators (LO). The stabilization of local oscillators ifAmp) in the loop filter portion of the PLL, assuring the LO
distributed systems is assured by providing a reference sigf@inal phase locking to a phase reference anywhere between
to the remotely located transmit/receive (T/R) modules. For ex# /2 to+7 /2. Moreover, analytical expressions are derived
ample, an optically distributed reference signal is demonstrat@@monstrating the transfer of this phase shift to an RF/IF signal
for generating a frequency locked millimeter-wave LO signalsing the internal mixing of the push—pull self-oscillating
[1]. The stabilized LO is then used to up- and down-convefixer. The analytical models are then experimentally verified
the information IF and the modulated carrier RF signald) Section IV for an ILPLL push—pull self-oscillating mixer
respectively. To achieve a low-power consuming oscillator aéfcuit at 12 GHz and an RF signal of 17 GHz500 MHz.
mixer, a push—pull self-oscillating mixer is introduced [2], [3]
where the oscillation and mixing functions are proposed to be
combined in two MESFET transistors operating in Class AB!. THE SUBHARMONIC PHASE LOCKING OF THELO SIGNAL

An improved subharmonic injection locking (IL) range for The circuit topology of a push—pull self-oscillating mixer is
frequency synchronization and a reduced close-in to carrigiown in Fig. 1, which is phase and frequency synchronized
FM noise level is reported for this circuit [3] Moreover, th|qO a reference Signa| at subharmonic frequency of the LO.
_ _ , This circuit also has the potential of transferring a phase shift
Manuscript received September 25, 1995; revised October 18, 1995. ThF f LO h ixed si L Th .
work was supported in part by grants from NASA, Lewis Research Cento_—7_r/2tO+7r/2 rom to the m'xe_ S'gr_'a- e operation
and U.S. Army, CECOM. principle and the frequency conversion efficiency performance
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Fig. 1. The schematic diagram of the subharmonic frequency and phase synchronized push—pull self-oscillating mixer. The BPF filters at Ports 1-4 are
for efficient filtering of fin; for input injected reference signgl,/» output signal, input RF/IF and output IF/RF signals. Theg/n output signal is

provided to the PLL for phase comparison. The two transmission lines provides®apb@8e shift, at the LO oscillation frequency, between two gates

and two drains of the push—pull transistors. The tunable resonator includes a varactor diode and controls the free-running oscillation feeguency vi
error voltage provided by the active filter of the PLL.

The subharmonic reference signgfi,; at Port 1 where vy, =—Viocos(wrot + ¢ro) + Vigj cos(winjt + dinj + 9).
finj = fo/n) is now split into two paths, as shown in Fig. 1. (1b)
The first path signal is injected into the push—pull oscillator
to perform subharmonic IL. The second path signal is féd.o (¢Lo) and Viy; (¢iy;) denote the amplitude (phase) of
into a phase detector to detect the phase difference betwéwh oscillation signal and the injection signal, respectively.
the reference signal and a signal from Port 4, which contaiissthe phase shift introduced to the injected signal due to the
information about the LO phase information. The phase errbEM transmission line which provides 18phase shift afi.o
information from the phase detector is amplified by a low-pa$se., 1 = Twinj/wrLo). The nonlinear relation between the gate
filter and amplifier. The amplified error signal then controlgoltage and drain current is expressed in a generalized power
the bias voltage of a varactor diode, acting as a varialseries [7] as
capacitor in the oscillator's resonant tank circuit. The change 00
in capacitance of the tank circuit causes a frequency shift in the i(t) = Z anv"(t). 2
free-running oscillation frequency, which forces phase locking n=1

of the frequency synchronized LO to the IL reference signaéy substituting (1a) and (1b) into (2), thef,,,, at angular
Furthermore, a reference voltagé,;, is provided in the loop frequencies ofuy,:, and I, at angular frequelr{cy ab. o —
filter amplifier of the PLL to be used for phase shifting of th?n = 1) are the outpllj;xcurrents in Port 4 e

nj

phase locked oscillator.

In conventional subharmonic PLL schemes, either a fre- Lamp = 201 Vinj cos(Winit + @inj + 1) (3a)
quency mulupller is used to multiply the subharmom; ref_— Loix =2anVLoVi$_l) cos(wmixt + PLO
erence signal to the LO frequency or a frequency divider is 3b
used to divide the LO signal to the subharmonic reference = (0 = 1)inj + Prmix)- (3b)

frequency. The multiplied reference signal (divided LO signalmong the mixed signals in the self-oscillating mixer, the
is then compared in a phase comparator with the oscillalgfna at the angular frequency ©f,i = wLo — (n—1)wiy; is
(reference) signal. As shown conceptually in Fig. 1, the advaie dominant signal. Clearly, the signal;, carries the phase
tage of this self-oscillating mixer topology is that multiplier ofnformation of the LO signalgro. This signal also carries
divider circuits are not required to generate a signal—whigl) phase shift ofy,,;. as result of propagation in the 180
carries the LO phase information—at the same frequency B transmission line (i.emix = Twmix/wLo). The mixed
the reference signal. signal can be either very close to the subharmonic reference
The input voltage signals at the gate of the two FEfequency (i.e., for the frequency unlocked case) or exactly
transistors of the push—pull oscillator operating:a injected 5t subharmonic reference frequency (i.e., for the frequency
by a subharmonic reference @f; (win; ~ wLo/n) are locked case).
The power spectra of the mixed signals and phasor
v1 = Voo cos(wrLot + ¢Lo) + Vinj cos(Winjt + Pinj) (1a) representations of the LO signal, shown in Fig. 2, are
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employed to graphically explain the generated signals. 4
Fig. 2(a) depicts the power spectra of the unlocked oscillator

for fin; < fLo/n; whereas Fig. 2(d) shows the similar power
spectra for fi,; > fro/n. In both cases a mixed signal,
finj — (n — 1)fLo, is generated in addition to the familiar
one-sided IL sidebands [8]. When the circuit is frequency /

locked, the sidebands disappear and the synchronized LO Pampﬁ T *

signal exactly oscillates at a frequency corresponding to 4‘ -
the nth harmonic of the injection signal. This frequency fing oxfinj  fo+38f £
locking does not imply phase locking and a phase difference (@)

in the range of—90° < A¢ < +90° could exist between
the phase of the injection signal and the frequency locked
LO signal [9]. When the oscillator is frequency locked to
the reference, a phase difference of 98 achieved in the
beginning of locking range as depicted in Fig. 2(b) and a
-9 phase difference is obtained at the end of locking range,
as shown in Fig. 2(c). Within the locking range of the LO +90°
signal bothI,,, and I.;x have the same frequency (i.e.,
Winj = Wmix = wLo — (n — L)wiy;), and the output current
signal from Port 4 is then presented as

fLo

¥

Inlx - -
{Lo-(n-1)finj nwateraf

power spectrum

nxeinj  PLO

P <

- x

nxminj

Iy = Iamp + Imix (b)
= 2a, Vinj cos(winjt + ¢inj + ) y
+ 20, VioVie ™Y cos(winjt 4 nxwinj  PLO

inj

+ ¢LO - (7’L - 1)¢inj + r(/}mix)- (4)

Notice thatl, still carries the phase information of the LO
signal. As depicted in Fig. 3, the amplified injection signal,
I.mp, Maintains a fixed phase relationship to the injection
signal. This retrieved,,;; signal, however, is directly related
to the LO phase byA¢p = ¢r.o— (n—1)¢i,;. Thus,I4 provides

a composite phase difference ¢f, as shown in Fig. 3(b).
Comparing phase of; with the reference injection signal, ©
Vi;» in the phase detector results in a dc signal being directly

related to the phase difference of the LO and reference signals.
By adjusting the phase 6f, ; to compensate for the phase shift
of ¥mix, then the phase detector output voltage is

V AQV X aleJ + AQV

inj inj

X an Vit Vio sin(¢ro — néing) ©)

where A, is the mixing conversion factor of the phase detector.
Notice that the first term is a constant with respect to the LO
phase, which can be calibrated out by applying an offset dc (@

voltage at the reference port of the Op-Amp in the loop filteFig. 2. (a) Output power spectra of the unlocked oscillator with subharmonic

Therefore, the differential input at the loop filter is presented {i&ec“on signal,fLo >n X finj. (b) Phasor representation of the frequency
ocked signal at the beginning of the locking range. (c) Phasor representation

-90°
nxoinj

fLo
Enix fLo-&f

M
fro-(n-1)finj fLo-28 \
e o AM _

finj fio-38  nxfinj f

power spectrum

_ n _ o of the frequency locked signal at the end of locking range. (d) Output
AVP - AQVmJ X aanJ VLO Sm(d)LO 71(/)1113) power spectra of the unlocked oscillator with subharmonic injection signal
= K, sin(¢r.o — ndin;) (6) fro<n X finj-

where K, is the responsivity of the phase detector. Clearly the

gain is proportional to the internal mixing conversion factarack the frequency reference; hence, the phase of LO is
of the transistorg,,. In the circuit shown in Fig. 1, transistorsnow locked to the reference signal. This phase locking is
are working at the nonlinear operating point of Class AByccompanied by an improved locking range, since the LO
and therefore the level af,, can be much improved [10]. Theoscillation frequency is entrained by the reference signal and
phase error voltage informationV,,, is amplified and applied any change in the free-running oscillation frequency is being
to the varactor diode. The applied voltage to the varactor dioderrected.

corrects the phase difference between the LO and the referenciotice that a relative high level of,,;, is critical to accu-
signals via forcing the free-running oscillation frequency toately detect the LO phase information at the phase detector.
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phase shift is only limited to 8-180° because the maximum
phase shift introduced to the injection-locked oscillator is
bounded between+90°t0—9C [9] at the lower and upper
edge of the locking range, as indicated in Fig. 2(b) and 2(c),
respectively. Therefore, the stabilized phase of the LO signal
can be controlled by adjusting the Op-Amp reference voltage
in the active loop filter, as is experimentally demonstrated at
18 GHz for a subharmonic ILPLL oscillator [5].

When the oscillator is phase locked to the phasé&/gfthen
this phase shift introduced to the local oscillator signal should
also be transferred to the phase shift of the frequency translated
IF or RF signals. This transfer of phase shift is performed as
a result of mixing between the LO with IF or RF signals in
the mixer portion of the self-oscillating mixer. For example, in
down conversion function of the RF signal in this push—pull
self-oscillating mixer, the voltage signals applied to the gate
terminals of the two transistors are

£) Phasor, VLO

Reference Phasor, Vinj

v1 = Vo cos(wrot + ¢ro)

+ Vrr cos(wrrt + ¢rF) (7a)
vy = —=Vio cos(wrLot + ¢ro)
Phasor of total signal at port + Vir COS( wrFt + PRF + 1/)RF)
14

Phasor of Mixed signal, Imix (7b)
AN

Tamp

A _
Reference Again using (2), the down converted IF signal from Port 3

can be easily derived as

Phasor of amplified signal

Itr =2a2V1.0Vrr cos((wrr — wro)t + ¢rF — ¢1.0 + YrF)

(8)

(b)

Fig. 3. (a) Phasor representation of the LO signal being injection locked ath . imil h d f th .
n X finj- (b) Phasor representation of the downconverted sighal, and WNEr€az IS similar to the transconductance of the transistor

amplified signal,Pamp at finj. The shadowed phasors indicates the phadeiased in Class AB.

variation of the oscillation signal over the locking range. Note this result shows that the IE signal traces any phase
change of the LO signal. In particular, by adjustifig, using

This requirement is inherently satisfied in the push—pull selirvaractor diode, a controllable phase shiftgf, is achieved,

oscillating mixer, where a high conversion efficiency resultghich is now transferred to the IF signal. The same process of

iN Lyix & lamp. Otherwise, for a small,,;, a small¢s is  phase control is also applicable to the upconverted RF signals.
attained, making it difficult to extract the LO phase information

from the noise floor of the loop filter. Moreover, compared to
the approach of using a frequency divider [11], there is no IV. EXPERIMENTAL RESULTS

factor ofn reduction for the LO phase information. However, the apove analytical modeling is experimentally validated
there is a practical limit in appllca_blllty of this pha_s_e lockingor a4 12 GHz push—pull self-oscillating mixer [3]. Phase lock-
approach. For a large subharmonic fastothe coefficieniu, jng and phase shifting of the 12 GHz oscillator is demonstrated
!s small, which results in a Iqw S|gnal_—to-n0|se ratio (SNRQIsing the second subharmonic IL factor; i = 2 and fi,; =
in the LO phase error correction circuit, and hence the Pld Gy, Effectiveness of this method of phase locking depends
performance can be degraded by the loop filter additive noigg; he power level of the mixed signaP.. (cf. Fig. 2).
P« is calculated at Port 4 using (3b) for this push—pull
IIl. THEORY OF PHASE CONTROL FOR THEMIXED SIGNAL gt oscillating mixer. However, the nonlinear parameters
It is known that when using a PLL the LO can be frequendyave to be extracted for the NEC NE720 MESFET transistors
and phase modulated [11]; and if a dc offset is introducex$ part of this calculation. The; parameters are extracted
at the input of phase detector, then the LO can be phdsam the Curtise cubic nonlinear circuit model fitted to the
locked to a nonzero stable phase. Analog phase controlméasuredS parameters at different bias points [10]. The
a phase-locked LO signal is also attainable by adjustingcalculateda; parameters arei;, = 35.43 Q~* (at frequency
dc reference voltage level in the active loop filter, as shovef 12 GHz); a; = 27.98 Q~!/V (at frequency of 6 GHz);
in Fig. 1. The dc reference voltage presets the phase-locked= 18.25 Q~1/V? (at frequency of 18 GHz) for the given
LO signal to a fixed phase shift ¢&. However, this analog Class AB operating point [10].
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Fig. 4. Output spectra of the push—pull self-oscillating mixer under unlock condition. (a) Measured output spectrum at injection power leveBiwi —30 d
and frequency of 6 GHz. (b) Predicted output power spectra at the same injection power level of =30 dBm and frequency of 6 GHz. (Reference level at
10 dBm, scale of 10 dB/div, start frequency of 5.5 GHz, and stop frequency of 12 GHz.)

A. Phase Locking Performance depicted in Fig. 4(b), indicating a good match between the

A 6 GHz reference signal at a power level of —30 dBm iBredicted and measured results.
injected into the 12 GHz oscillator. The oscillation frequency The subharmonic IL performance of the oscillator at 12
is slightly detuned (i.e.f.o < 12 GHz) to separate th®,,,, GHz is first measured with the PLL kept open. As depicted in
signal fromP,,,,;,. The generated mixed signaP,;,, together Fig. 5, a 5.3 MHz locking range fafi,; of ~13 dBm andPro
with the signalP,.,,,, are measured and depicted in Fig. 4(apf 3 dBm is measured. Furthermore, a 1gthase variation
The measured,,;, is —25 dBm (viz. only 2 dB lower than within the locking range is evident. As the PLL is closed, the
the amplified reference signal) and is strong enough to B&cillator is phase locked to the phase of the reference signal
employed for phase locking. On the other hand, analyticaMyithin the tracking range of 10.5 MHz, as shown in Fig. 6. A
calculated power levels aP,,,;, and P,,;x are —22 dBm and larger locking range and flat phase shift are the benefits of the
—26 dBm, respectively, based on the extractegharameters. ILPLL function. However, the full benefit of the ILPLL could
The predicted output power spectra fét,;, at Port 4 is not be exploited for a tracking range larger than 10.5 MHz in
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Fig. 5. Measured locking range and phase response of the self-oscillating mixer under second subharmonic IL. PLL is not activated. (Center frequency
of 11.9198 GHz and span of 15 MHz.)
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Fig. 6. Measured tracking range and phase response of the self-oscillating mixer under second subharmonic injection frequency and phasé locking. PL
is activated. (Center frequency of 11.926 GHz and span of 20 MHz.)

this experiment. This tracking range limitation is caused by\4 hence resulting in a smaller tuning range of the resonant
break in the oscillation condition for the varactor diode biasircuit and reducing the available tracking range to be limited
level from —3 V to —4.5 V. On the other hand, for the varactdo 10.5 MHz. This minor limitation can be easily improved by
diode bias of 0 V to —3 V, a 12-MHz tuning range is observed better design of the tunable resonant circuit.

as opposed to a 25 MHz tuning range for biasing of —4.5 V The close-in-to-the-carrier phase noise performance of the
to —20 V. This break in the oscillations forced us to operasgibharmonically injection ILPLL was also measured, as shown
the PLL only in the varactor diode biasing range of 0 to - Fig. 7. The solid line represents the phase noise level of the
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Fig. 7. Measured FM noise of the self-oscillating mixer at fundamental frequency at offset frequency of 100 Hz to 10 KHz under IL and ILPLL at
detuning phases 06° and 70°.

6 GHz frequency reference after frequency doubling. As seeanverter of an HP8510 network analyzer. A double stub tuner,
in the figure, the phase noise of the ILPLL is at least 3+4%erforming as a bandpass filter at 5 GHz, rejects the unwanted
dB lower than the IL case. In particular in the IL oscillatormixed signals from Port 3. Furthermore, another double stub
a significant increase in phase noise is observed when thaer filters the mixed signal at6 GHz from Port 4 of the
oscillator is forced to oscillate at a frequency close to treelf-oscillating mixer to maintain the phase locking of the
edges of the locking range. However, for the ILPLL case, thmsh—pull oscillator at 12 GHz.
phase noise level remains clean even up to the frequencie$he experimental results follow (8), demonstrating the con-
close to the end of locking range [5]. The phase noise of thigpt of phase shifting at the down converted IF signal in this
ILPLL circuit is shown specifically for the detuning phase opush—pull self-oscillating mixer. Ideally a phase shift in the
70°, which is close to the edge of locking range. Analyticalange of 0—-18C are attainable by changing the reference
calculations for the close-in-to-the-carrier phase noise of &oltage of the active loop filter in the PLL. A network analyzer
ILPLL oscillator is presented in [12]. displays the phase difference between the reference IF signal
and the IF signal from the self-oscillating mixer over the 1
B. Analog Phase Shifting for a Down Converted IF Signal GHz information bandwidth at center frequency of 5 GHz.
Experiments are conducted to validate (8). The LO pha§ nce in this experiment the voltage referenge Ievc_al is manually
adjusted, only a®-125 phase-tuning range is achieved as op-

shift, introduced in the ILPLL oscillator, is transferred to d 1o the B-180° A It of th 4 oh :
the mixed signal in the push—pull self-oscillating mixer. ThROS€d o the range. As aresuit orthe rapid phase vari-

measurement setup is shown in Fig. 8, where an HPa673HeN of the IL oscillator being close to both ends of the locking

synthesizer is used to provide a reference signal at 6 Gl-rig.nie’ ; fr']ne vorl;cg:tget clontr(:I ',; ref(qured ft(t)h O?ta;(r_' the full
This reference signal is split into two paths. The signal ifY w/2 phase shift at close to the edges of the locking range.

one subharmonically locks the push—pull oscillator, while the.The phase—_shifting c,japabillity of .the _down converted signal
signal in the other path is frequency doubled (266 o = 12 with a 22.5/div steps is depicted in Fig. 9. A phase step of

GHz) to generate a 12 GHz signal to be inputted to the LO pﬁj is obtained with coarse tuning, which is comparable to

t
of a double-balanced mixer (Avantek DBX 186L). A frequenc

e theoretical resolution of 5.625rom a six-bit switched
swept signal from HP8340B simulates a spectra of 17 GHz elay-line phase shifter. However, at certain frequency points,
500 MHz RF signal. This RF signal is also split into tw

cﬁ phase jump of -8 can be seen in Fig. 9, which is caused
hs: y pha;e incoherency of the RF (17 GHz) and refgrence (6
separate pat S. . PHZ) signals from HP8340B and HP8671B synthesizers.

1) one path is inputted to the RF port (Port 2) of the self-
oscillating mixer to be down-converted to a 5 GHz

500 MHz IF signal; V. CONCLUSION

2) the other path is inputted to the RF port of the double- Analytical derivation and experimental verification of a new
balanced mixer for generating a reference IF signal. approach to subharmonic injection and a phase lock self-
The amplitude and phase of the IF signal of the self-oscillatiragcillating mixer is demonstrated here. This approach takes
mixer (from Port 3) is compared against the reference IF sigredvantage of the inherent conversion gain of a push—pull
(from the double-balanced mixer) in an HP8511A frequendelf-oscillating mixer to provide a mixed signal at the same
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voltage values. (Center frequency of 5.215 GHz, span of 1 GHz, and vertical scale 8fd&2)5

frequency of the injected signal, which retains the LO phasecking and phase-controlling technique in addition to the large
information. This technique thus eliminates the need for subharmonic IL range and high-frequency conversion gain
frequency multiplier or a frequency divider. The proposef2]—[4].

modification to the push—pull self-oscillating mixer now makes The experimental verification is conducted for a subharmon-
it even more multifunctional and it provides an efficient phasézally ILPLL push—pull oscillator at 12 GHz with 6-180°
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phase shifting capability. A9-125 phase shift is obtained
for the IF signal at 5 GHzt 500 MHz as result of down-
coversion of a 17 GHzt 500 MHz RF signal by the
phase-controlled ILPLL oscillator signal at 12 GHz. Thi
analog phase shifting approach can be employed to red
the number of phase bits in the high-resolution digital pha
shifters. For example, the T/R level data-mixing architectu

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 2, FEBURARY 1997

Xue-Song Zhou (S'91-M'93) received the B.S.
degree from Sichuan University, Chengdu, China,
the M.S. degree from University of Electronics
Science and Technology of China, Chengdu, China,
and the Ph.D. degree from Drexel University,
Philadelphia, PA, all in electrical engineering in
1982, 1984, and 1994, respectively.

From 1984-1989 he joined the faculty of
Chengdu Institute of Meteorology, Chengdu, China,
as a Teaching Assistant, and later as a Lecturer in

[1] of an optically-fed phased array antennas is based on us ] . :
ILPLL self-oscillating mixers, in which phase of the RF (IF the Department of Atmosphere Sounding. While
- : g v p e )pursuing the Ph.D. degree at Drexel University from 1989-1994, he worked
signal in the transmitter (receiver) modules is independenty a Teaching and Research Assistant, actively involved with a variety of
controlled from 0-360° using a 0-180° analog phase shift research projects, including nonlinear microwave and optoelectronic device
" he ILPLL foll ’d b inal itch del l h modeling, optical link design, and RF and microwave circuit design, such
ro_m the ollowed by a sing e'SW'tf: elay-liine p aS§s LNA's, VCO's, mixers, PA’s, and frequency multiplier/divider, etc. Since
shift of 0°—18C. Therefore, a phase shift of*9360° with 1994 he has been with Ericsson, Inc., as a Senior Consulting Engineer at
a very high resolution is achieved without requiring a |arg@e Research and Development Center, Research Triangle Park, NC, where
lithi . int ted circuit (MMIC i he is currently working on the development of low-cost RF and microwave

mono '_ Ic mlcrowav_e Integrate _C|rCU| ( ) space _OrMMIV circuits for wireless communications. He has authored or co-authored
the switched delay line phase shifters. Furthermore, usinga @aumber of technical papers and holds one U.S. patent.
concept of cascaded ILPLL oscillators which are harmonically
related, a phase shift in the range bfiin/2 can be achieved
[13], wheren is the subharmonic number.

This circuit topology is MMIC compatible; therefore, be-
cause of its low-power consumption and small size, a sm
chip size of this circuit topology is envisioned to be use
in antenna remoting applications as a replacement for t
stabilized LO, mixer, and a switched delay line phase shift
in active T/R modules. A MMIC chip is recently reported a
Ka-band [14_], Where 'Fhe three functions of ILPLL_ oscillation: 1- Philadelphia, PA, in 1991. He was promoted to Re-
[5], self-oscillating mixer [4], and cascaded oscillator baseu search Associate and Research Assistant Professor

phase Shifting [13] are all integrated into a hybrid circuit. in 1992 and 1993, respectively. His research work includes optically controlled

microwave and millimeter-wave phased array front-ends, low-phase noise
oscillators, GaA’s and Si MMIC design, and HEMT/HBT nonlinear modeling.
Since October 1995, he has been working in the Corporate Research and
Development Center, M/ACOM, Inc., Lowell, MA, as a Principal Engineer,
'poncentrating on high-performance microwave- and millimeter-source based
HBT’'s and HEMT's, HBT based power amplifiers for wireless applications,
and GaA’s MMIC design. He has authored and co-authored over 30 technical
publications in the areas of nonlinear CAD, oscillator phase noise, microwave
and photonic devices, and nonlinear and noise modeling.

Xiangdong Zhang (M’'92) received the B.S. degree
and Ph.D. degree in electrical engineering from
Tsinghua University, Beijing, China, in 1985 and
1990, respectively. His Ph.D. dissertational work
involved nonlinear modeling and computer-aided
design of MIC’s and MMIC'’s.

He joined the Microwave Photonic Laboratory as
a Postdoctoral Fellow in the Electrical and Com-
puter Engineering Department, Drexel University,

REFERENCES

[1] A. S. Daryoush, “Optical synchronization of millimeter-wave oscillato
for distributed architecture [EEE Trans. Microwave Theory Techgl.
38, pp. 467-476, May 1990.

[2] X. Zhou and A. S. Daryoush, “A push—pull self-oscillating mixer for
optically fed phased array,” ifEEE Int. Microwave Symp. Dig1993,
pp. 321-324.

[8] —“An injection locked push—pull oscillator at Ku-band|EEE
Microwave Guided Wave Letwpl. 3, pp. 244-246, Aug. 1993.

[4] “An efficient self-oscillating mixer for communications|EEE
Trans. Microwave Theory Techuol. 42, pp. 1858-1862, Oct. 1994.

[5] D. J. Sturzebecher, X. Zhou, X. Zhang, and A. S. Daryoush, “Opticall
controlled oscillators for millimeter-wave phased array antenf&&gE
Trans. Microwave Theory Techol. 41, pp. 998-1004, June/July 1993.

[6] X. Zhou, X. Zhang, and A. S. Daryoush, “A phase controlled self
oscillating mixer,” in1994 IEEE MTT Int. Symp. Digvpl. 2, San Diego,
CA, June 1994, pp. 749-753.

[7] M. Steer, P.J. Khan and R. S. Tucker, “Relationship between volterra ¢
Bii'arigsggnerahzed power serieByoc. IEEE vol. 71, pp. 1453-1454, prom_oted to A_ssociate Professor in September 1990.

[8] M. Armand, “On the output spectrum of unlocked driven oscillators,” . _In this capacity he _has ta}ught l_md_ergraduate and
Proc. IEEE, vol. 57, pp. 798-799, 1969. gradu_ate courses in microwave and p_hotonlc devices, circuits, antennas, an_d

[9] R. Adler, “A study of locking phenomena in oscillatoiProc. IRE,vol. radiating systems, and electromagnetics. He has also conducted research in
34, pp. 351-357, 1946. microwaves and photonics. During the summers of 1987 and 1988, he was a

X. Zhou, “Nonlinear parameter extraction technique used in optﬁummer Faculty Fellow at NASA-Lewis Research Cen_ter, Cleveland, OH. In

mum design of synchronized self-oscillating mixers,” Ph.D. dissertatiof!® SUmmers of 1989 and 1990, he was at the Naval Air Development Center,

Drexel Univ., Philadelphia, PA, 1994. Warminster, PA, as member of the ASEE Summer Faculty. He has authored

Afshin S. Daryoush (S'84-M'86—-SM'91) received
the B.S. degree from Case Western Reserve Uni-
versity, Cleveland, OH, and the M.S. and Ph.D.
degrees from Drexel University, Philadelphia, PA,
all in electrical engineering, in 1981, 1984, and
1986, respectively.

Following graduation, he joined the faculty of
Drexel University as DuPont Assistant Professor
of Electrical and Computer Engineering. He was

[20]

[11] R. E. BestPhase-Locked Loops: Theory, Design, and Applicatiéns, Of co-authored over 100 technical publications in the area of microwave pho-
ed. New York: McGraw-Hill, 1993, pp. 13-14. tonics. He has lectured frequently at workshops and international symposia.
[12] J. Y. Lin and A. S. Daryoush, “Theoretical and experimental studiie has been awarded four U.S. patents with one international patent, which

of the ILPLL based clock recovery circuit at 1.25 Gb/42EE Trans. IS licensed for commercialization.

Microwave Theory Techto be published. Dr. Daryoush is a member of Sigma Xi, and a Senior Member of MTT, AP,

X. Zhang, and A. S. Daryoush, “Full 38@phase shifting of injection and LEO societies of IEEE. From 1989-1990, he served as Vice-Chairman,
locked oscillators,”IEEE Microwave Guided Wave Lettvol. 3, pp. and from 1991-1992 as Chairman of the Philadelphia Joint Chapter of the
14-17, 1993. AP/MTT societies. In that capacity, he was the organizer and technical
D. Sturzebecher, X. Zhang, and A. S. Daryoush, “MMIC antenna frombmmittee chairman of the Benjamin Franklin Symposium, Philadelphia,

end for optically distributed MMW antennas,” iDig. IEEE 1995 Int. PA. He has received the Microwave Prize at the 16th European Microwave
Microwave Symp.yol. 3, Orlando, FL, 1995, pp. 1107-1110. Conference, Dublin, Ireland, U.K.

[13]

[14]



