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Abstract—The efficient stabilization of high electron mobility (MMICSs). Thus, our research focuses on advanced stabilization
transistor (HEMT) oscillator monolithic microwave integrated cir-  techniques for oscillators up " -band frequencies to achieve
cuits (MMICs) for W-band applications, using a new approach high spectral purity using standard PM-HEMT technology.

of high-order subharmonic injection locking, is presented. Trans- o Lis the int fi f the si | . let
mission- and reflection-type injection locking techniques are ap- ur goalis the integration of the signal source In a compiete

plied to stabilize 94-GHz oscillators based on GaAs pseudomor- SUbsystem.
phic-HEMT technology. A voltage-controlled oscillator MMIC was For stabilization of the millimeter-wave signal by synchro-
developed, consisting of the oscillator circuitand an integrated har- njzation to a high-quality reference at a subharmonic frequency,

monic generator, that can be stabilized by injection power levels : .. .. : _ ] ;
of —45 dBm at 94 GHz using reflection-type injection locking, al- injection locking [4], [5] or phase-locked-loop (PLL) techniques

lowing reference frequencies as low as the fifteenth to twenty-first [6] aré commonly applied. Up to now, subharmonic injection
subharmonic as the input for the harmonic generator. Addition- locking, demonstrated with - and¥ -band injection locked os-

ally, an injection-locked phase-locked loop (PLL) was developed, cillators (ILOs) [4], [5], employed transmission-type injection
which enhances the locking range from 30 MHz to 1 GHz, using |ocking, where a reference signal at a subharmonic frequency
the twenty-first subharmonic as a reference signal. The combina- o 5 hhjieq directly at the gate of the transistor of the oscillator.
tion of simple synchronization to a low-frequency reference signal - . AP .
and the control of the synchronization in the injection-locked PLL 1 1iS technique is limited to subharmonic factors of only three
allows the generation of stable and low-noise millimeter-wave sig- t0 Six. Higher order subharmonic references are desired, how-
nals with a fully integrated MMIC source. ever, especially fol -band oscillators, such that commercially
Index Terms—njection locked oscillators, millimeter wave 2vailable reference signals below 10 GHz can be used.
generation, voltage controlled oscillators, MODFETSs, phase noise,  In this work, we increased the subharmonic factor for the ref-
monolithic microwave integrated circuits (MMICs), coplanar erence signal significantly, presentingi&-band HEMT oscil-
waveguides. lator MMIC that can be locked by reference signals at the fif-
teenth to the twenty-first subharmonic. This was achieved by the
I. INTRODUCTION combination of a new and more effective reflection-type injec-
o R o tion-locking technique with a simple harmonic generator, inte-
T HE growing interest in millimeter-wave applications URyated into the oscillator MMIC. This method allows the use of
~ to W-band frequencies—for example, radar, automotivggily available commercial reference sources to realize a sta-
cruise control, or broadband communication—raises the dgfzed 1¥-band signal source module. To account for tempera-
mand for highly integrated subsystems including a solid-stafe_dependent variations of the circuit, the oscillator circuit was
signal source. Only a high degree of integration leads fqegrated in an injection-locked PLL (ILPLL) circuit [7]-[9]
a cost-effective production of subsystems by reducing € ensure stable synchronization of the oscillator output signal.

number of chips necessary for multichip modules. Pseudomise so-realized ILPLL MMIC improved the locking range from
phic high electron mobility transistors (PM-HEMTSs) on GaAgg MHz to 1 GHz.

allow easy integration and high-frequency application [1], [2]
for mixer and amplifier circuits. Free-running oscillators on
GaAs reach high output power levels and allow easy frequencyII s WB HEMT O
tuning [3] but have poor phase noise performance due to'™ YNCHRONIZATION OF ¥ -BAND SCILLATORS
the high 1/f_-n0|se_ of the d_ev_|ces_ and the Io@ factor th_at A. Direct Injection of a Subharmonic Reference
can be achieved in monolithic microwave integrated circuits
Subharmonic injection locking is commonly realized by ap-
"  received March 6. 2000: revised August 23. 2000, Thi ‘ plying a subharmonic reference (injection signal) at the gate
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Fig. 1. (a) Circuit schematic and (b) photograph of a 94-GHz oscillator MMIC (chip siz&Imn?) with direct signal injection.
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Fig.2. Measured locking range of the 94-GHz HEMT oscillator MMIC shown METER ANALYZER ! ‘
in Fig. 1, which employes direct injection locking. : 1_
T inj DUT
the 94-GHz HEMT oscillator MMIC (Fig. 1) is illustrated in =>< ><
. ~ HARM. PHASE
F|g 2 DUT COUPLER MIXER NOISE
The measurement shows that large locking ranges can be MEAS.

achieved for low subharmonic factors. High input power levels /?,,/6 Sin

are required because of the weak nonlinearity of the transistor, @— X 6
which limits this application to about the sixth subharmonic

as the injection signal. The high injection power level causes =~ REERENCE MULTIPLIER
self-biasing effects at the gate, and the change in the bias con-

dition results in a frequency shift.

(b)
Fig. 3. (a) Chip photograph of the measured oscillator MMIC
(chip size 1 x 2 mn?) and (b) measurement setup for reflection-type
injection locking.

To circumvent the aforementioned disadvantages of the direct
injection of the subharmonic reference at the gate, we invediirearity present to generate harmonics at the output; thus only
gated the locking performance of oscillators [3] applying a nefundamental locking is possible.
technique (reflection-type injection locking), where the refer- We used a simplé¥-band oscillator MMIC, as shown in
ence signal is now injected at the transistor output, the drain. &ig. 3(a), which was directly contacted on an on-wafer mea-
injection signal at the drain of the transistor causes only minsurement probe station. The output of the MMIC was connected
changes in the oscillator performance due to the isolation ke-the output of a Wiltron 54 000-6WR10 frequency multiplier
tween gate and drain of the device. But there is insufficient nomodule, which was fed by an HP83650B synthesizer signal at

B. Reflection-Type Injection Locking
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10000 where @ is the offset frequency from the carriep, is the
- o . . . .
o cuﬁb@:é 1/ f-noise corner frequency of the active device, axd is a
2 1000 o curve fitting factor. We measured the low-frequency noise prop-
8 Mfﬁ erties of the PM-HEMT devices used in the circuit, resulting
E 100 oS in a high ¥/ f-noise corner frequenay,. /27 = f. ~ 3 MHz.
o oocp;cr}” The phase noise measurement of the free-running oscillator
E O/ compared to the calculation from (1), using the measurgd
3 10 and fitting A2, is shown in Fig. 5.
= @ We can than use the simplified formula from [12] to calculate
1 . . .
5o <0 30 20 10 0 the phase noise of a synchronized oscillatgy,, (£2)
2 L+5) \o2
Fig. 4. Measured locking range of the HEMT oscillator using reflection-type L1n(Q) 0" Liy;(Q) + ——5 = AQ°. (2)
injection locking, as shown in Fig. 3, with a reference signal at the fundamental A‘Ul/n

frequency of the oscillator. . . . .
For fundamental injection locking, as used in our experiment,

T the factorn, which describes the subharmonic used as the in-
free running jected signal, is set to unity\w, ,, is the locking range of
the oscillator andf;,;(€2) is the phase noise of the injected
reference signal. For large locking rangﬂs;f/n > Q, the
second term of (2) becomes negligible in most applications,
and thus£,,,, () =~ £i4;(Q2) (with n = 1) is expected. But
using PM-HEMT devices, the/J-noise corner frequency and
the highAQ become dominant, resulting in a degradation of
the phase noise, even for the large measured locking ranges
shown in Fig. 4. Fig. 5 shows the calculated phase noise of the
locked oscillator for two injection power levels, using the cor-
responding locking ranges from Fig. 4, and and AQ2 from
the calculation of the phase noigg(2) of the free running
r Reference Signal oscillator from (1), also shown in Fig. 5. Good agreement be-
. e s tween measurement and the simple calculation was achieved,
10kHz 100kHz 1MHz accounting for the observed phase noise degradation for offset
frequencies above 40 KHz.
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Fig. 5. Influence of the injection power on the phase noise performance of the Ill. CIRCUIT DESCRIPTION ANDTEST RESULTS
synchronized output signal of the oscillator. Based on these results, a harmonic generator, using a pair of

the sixth subharmonic. The unwanted harmonics are suppresagtfiiparalIeI HEMT diodes, was developed to generate the re-
below —55 dBc using the bandpass filters provided with thguwed power level at the oscillator frequency of 94 GHz from

multiplier module. A 10-dB directional coupler was used toubharmonlc |np.ut S|gnalsfrom4to / GHz. The generatgd har-
monics are applied at the drain of the transistor to realize re-

Hgttion-type injection locking. Compared to the direct injec-

as illustrated in Fig. 3(b), was used to determine the lOCk'q n-locking technique, low-frequency reference signals can be

range of the oscillator and the phase noise performance a&g%d and the influence of the injected signal on the oscillator

function of the injection power. The measured locking range and oo nce is strongly reduced, due to the seperation of the

its linear approximation are illustrated in the diagram in Fig. %:?cillator circuit from the circuit used for the generation of the

This measurement shows that very low injection power levels Rf rmonics
about—45 dBm are sufficient to achieve a usable locking range. '
The phase noise measurement of the oscillator output sign%is
illustrated in Fig. 5. According to theory, the phase noise of the
synchronized signal is the same as that of the reference signaflll MMICs presented in this paper were realized using
for sufficiently high injection power levels. If the power of theD-152:m AlGaAs/InGaAs/GaAs PM-HEMTs and coplanar
reference signal is too small, an increasing difference betwe@ffuit topology. Fig. 6(a) shows the circuit schematic of the
reference and output signal [12], [13] can be observed at higt§émple harmonic generator. The two antiparallel diodes clip
frequency offsets, as shown in Fig. 5. The dependency of e peaks of the input signal and generate harmonics over a
phase noise of the locked output signal was described in de¥difle frequency range. A simple matching structure of shunt
in [12], and these results are used below to account for the mé@pacitances and a short transmission line was used to optimize
sured degradation. The phase nof&g) of the free-running the output signal power at 94 GHz. A coupled line filter

Harmonic Generator

oscillator can be calculated from provides the isolation between the low-frequency input and the
, we\ AQ2 high-frequency output. An isolation of better tha20 dB was
£o(S2) = (1 + 5) SR (1) achieved for input signals at frequencies less than 7 GHz. The
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Fig. 6. (a) Circuit schematic of the harmonic generator and (b) photograph of
the test structure.
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P, [dBm] @ 21" SUBHARMONIC B. High-Order Subharmonic Injection-Locked Oscillator
®) Fig. 8 shows a schematic circuit diagram and chip photo-

raph of the 94-GHz oscillator MMIC consisting of the oscil-
3o, a cascode buffer amplifier, and the harmonic generator.
The output of the harmonic generator is directly connected to

; f the h . i q the oscillator output, allowing efficient reflection-type injection
performance ot the harmonic generator was measured u ing. The coupled lines reject the input signal at lower fre-

the test structure shown in Fig. 6(b). The diagrams in Fig. ,ancies. The oscillator uses series feedback at the source of the
illustrate the output power level of the harmonic at 94 GHgnsistor and allows frequency tuning of more than 6 GHz by
for an input signal at (a) the fifteenth and (b) the twenty-firshe shunt varactor diodes. The oscillator output signal is coupled
subharmonic. An accurate prediction of the output power levgl yith a 10-dB directional line coupler having a center fre-

is achieved by a harmonic balance simulation even at higlency at 94 GHz, which suppresses unwanted spurious signals
harmonics, using simple large-signal models for the diodgfom the harmonic generator due to its high reverse isolation
The periodic behavior of the output power versus the inpgetter than-40 dB for frequencies: 20 GHz). A single-stage
power results from the large-signal performance of the diodeascode buffer amplifier [14] provides high isolation of the os-
in combination with the matching circuit and was optimized tgillator circuit from the output of more than 20 dB. The high
reach a maximum for input power levels of about 15 dBm. Again of the compact cascode buffer amplifier compensates for
output power of more than40 dBm at 94 GHz was measuredthe losses of the coupler. We achieved an output power of typ-
sufficient to be used as the locking signal. ically 4 dBm. We also investigated the spurious frequencies of

Fig. 7. Output power at 94 GHz of the harmonic generator versus the
fifteenth and (b) twenty-first subharmonic input power levels.
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Fig. 10. Phase noise of the free-running and the injection-locked oscillators
(locked with the fifteenth subharmonic) compared to the reference signal. The
calculated curve represents the theoretical limit of the possible phase noise
reduction with this reference, calculated frdMoicc out = N? X Phoiscin,

with N = 15.
1000 — i T

T O 15" subh. when locked with the fifteenth subharmonic. The second ver-
2 m 21" subh. sion achieves a 10-dB reduction of the phase noise at this fre-
E% 100 [ i guency offset. According to theory [10], [11], the frequency
<Zc multiplication increases the phase Nois&faSisc out = N? X
S 4 Poise in, WhereN is the subharmonic factor, predicting 23.5-dB
z 10 n% -------------------- "38 -------------------------- - degradation of the phase noise of the oscillatorfoe 15 and
8 d %g il " 26.4 dB forN = 21, when compared to the phase noise of the
8 h o B i » " subharmonic reference. The calculated curve in Fig. 10 (dotted

1 m‘gg_m_a__‘! i 1  go" | line) indicates the theoretical phase noise of the oscillator, calcu-

6 8 10 12 14 16 18 20 lated from the reference signal noise. The degradation is depen-

m o dent on the offset frequency and the power of the injected signal,
Py [dBm} @ 157 AND 21"SUBHARMONIC as described in Section Il. Thus, the second version shows a sig-
(© nificant improvement in phase noise, due to a higher injection

Fig. 9. (@) Circuit schematic and (b) chip photograph of the second version%?wer level.

the oscillator MMIC (chip size x 2 mn?) with an additional amplifier in the

locking path. (c) Measured locking range. IV. PHASE CONTROL OF SYNCHRONIZATION

the low-frequency injected signal at the output of the ILO chip. The major problem of any injection-locking technique is
The measured suppression of the injected signal and its hitwe lack of feedback control of the synchronized output signal.
monics at the output is better tharb0 dBc. This high isolation Thus, temperature-dependent frequency drifts of the oscillator
is mainly achieved by the coupled line filter at the output of thean result in loss of synchronization, especially when small
harmonic generator and the directional line coupler between tbeking ranges exist. To overcome this problem, we can use
oscillator and the buffer amplifier. the phase relation between the reference input signal and the
The locking range of the oscillator MMIC versus the injectedynchronized output signal of an ILO. Within the locking range,
power, illustrated for the fifteenth and twenty-first subharmonia phase difference fromn/2 to +7/2 exists between these
as a reference signal, is shown in Fig. 8(c). For the fifteenignals, as described in [15] and [16]. A zero-degree phase
subharmonic with 15-dBm injected power, a locking range shift specifies the center of the locking range. By detecting
50 MHz was measured. To improve this small locking rangthis phase relation using a mixer, the dc component is used to
we realized a second version of the oscillator MMIC with anontrol the oscillator output frequency to lie at the center of the
additional cascode amplifier in the locking path, as shown locking range, counteracting any frequency drift. This phase
Fig. 9(a) and (b). This amplifier increases the level of the ircontrol loop was realized in an integrated ILPLL MMIC. The
jection signal harmonic, which results in an enhanced lockiqginciple of operation of the ILPLL circuit is described in detail
range of 150 MHz, as illustrated in Fig. 9(c). in [7]-[9]. The integrated ILPLL chip, using the first version of
The influence of the injection power level can be observed the oscillator circuit (Fig. 8), is shown in the circuit schematic
the phase noise measurement in Fig. 10, illustrating the phasel the chip photograph in Fig. 11. We used an additional mixer
noise performance of the locked oscillator compared to the fregrcuit to compare the phase of the input and output signal.
running oscillator and the reference signal. A phase noise Tie mixing product is obtained directly by RF filtering of the
—80 dBc/Hz at 100-kHz offset from the carrier was achievegutput signal, because the nonlinearity of the HEMT in the
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tion-type injection locking reduces the phase noise of the oscil-
lator, allowing low-frequency reference signals of about 5 GHz.

V. CONCLUSION

The locking performance dfV-band HEMT oscillators was
investigated. The reflection-type injection locking allows very
low input power levels. Less thanrd5 dBm input signal power
atthe fundamental frequency was sufficient to synchronize free-
running HEMT oscillators. Thus, simple harmonic generators
can be used to get the required reference signal from a subhar-
monic input signal, even at frequencies below 10 GHz. We de-

‘ : : veloped a high-order subharmonic injection-locked oscillator at
DC OUTPUT 94 GHz, based on standard GaAs PM-HEMTSs. With the inte-
(b) grated harmonic generator, reference signals at the fifteenth to
the twenty-first subharmonic around 5 GHz were used to stabi-
ifbe thew -band oscillator, with a high suppression-e50 dBc
of spurious frequencies. An injection-locked phase-locked-loop
MMIC was developed. The locking range was improved from

oscillator already provides the mixer function, as described # MHz without the PLL to 1 GHz using a reference at the
[8]. In the approach shown in Fig. 11, all functions of harmonigventy-first subharmonic. _ _

generation, oscillation, amplification, and mixing are separated T he realization of the easy-to-use one-chip solution of a com-
into individual circuit blocks to allow optimization of eachPlex system to generate a high-quality millimeter-wave signal
circuit component. More details on a similar ILPLL circuitShows the potential of integrated HEMT oscillator MMICs. The
using the fourth subharmonic as a reference signal, are giv&inbination of simple synchronization to a low-frequency ref-
in [17]. Two harmonic generators are used for this chip, orfé€nce signal and the control of the synchronization makes this
for the synchronization of the oscillator and one to provide tHePLL MMIC very attractive for further development of mil-
input signal for the phase comparator, which was realized alirgeter-wave signal sources. Very stable and low-noise signals
balanced mixer. The measured dc output signal from the mixe®n be generated by an MMIC source when using the simulta-
when sweeping the injected signal frequency, is shown f¢ous injection and phase-locking technique.

Fig. 12. The peak indicates the locking range of the oscillator.
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subharmonic as the reference signal. The suppression of
low-frequency reference signal and its harmonics is better than
—50 dBc, as found for the ILO MMIC from Fig. 8(b).
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Fig. 11. (a) Circuit schematic and (b) chip photograph of the injection-lock
PLL MMIC.
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