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Ka-Band and MMIC pHEMT-Based VCO'’s
with Low Phase-Noise Properties

Peter J. Garner, Michael J. HoweZenior Member, IEEEand Christopher M. SnowdeRegllow, IEEE

Abstract—Two pseudomorphic high electron-mobility tran- performance degrades as the base current in the common
sistor (pHEMT)-based Ka-Band voltage-controlled oscillators emitter VCO is increased to deliver the maximum output
(VCO'’s), which have exhibited novel close-to-carrier phase-noise power of 2.9 dBm at around 35 GHz. The close-to-carrier

properties in conjunction with output powers greater than T
previously reported heterojunction bipolar transistor (HBT)- phase noise is shown to be arounds dBc/Hz at an offset

based oscillators, are presented in this paper. Good low phase ©f 100 kHz for this maximum output-power bias condition.
noises of at least-70 and —75 dBc/Hz at an offset of 100 kHz Additionally, this paper reports that the close-to-carrier phase
around 38 GHz have been measured for the two different VCO noise is observed to be dependent upon the tuning-element
designs over reasonable frequency tuning ranges with flat or piag  This dependence is noted to be especially strong for
linear output-power tuning in these ranges. Both designs show - o
a strong dependence between phase noise and tuning-elemenf’lpplled voltages of less thgn 1 V As a result, it is thought
bias conditions. that the HBT technology is still not mature enough for
full monolithic integration of collision-avoidance-orientated
transceiver front-ends. This paper covers two pseudomorphic
|. INTRODUCTION high electron-mobility transistor (pHEMT)-baselda-band
IELECTRIC-RESONATOR oscillators offer excellentvVCO'’s, which have exhibited good phase-noise properties in
performance in terms of close-to-carrier phase nois®njunction with output powers greater than current HBT-
[1]-[3]. However, they are not fully monolithic and thebased oscillators. Both oscillator designs show a strong
circuits still require careful post-fabrication attention. Thislependence between phase noise and tuning-element bias
is to position the dielectric puck onto the main substrate gonditions.
onto a second adjacent substrate [4]. The demanding factors of
cost, size, reliability, and repeatability made by the developing I

collision-avoidance radar market still point towardfally ) ) ] ) _ o
monolithic solution to the problem. The configuration of the tuning diode in the circuit has to

Monolithic-microwave integrated-circuit (MMIC) designsP€ understood for the graphical observations to be correctly
for milimeter-wave applications may be based on eithditérpreted. The bias voltage for the tuning diode is applied
MESFET, heterojuction bipolar transitor (HBT), or high© the cathode terminal while the anode terminal has been
electron-mobility transistor (HEMT) technology. Guttich andiC grounded through a via hole. Therefore, when the applied
Klassenet al. [5] reported work on a 38-GHz MESFET- Voltage is negative in the graphs_, the diode is operating in
based voltage-controlled oscillator (VCO) with an integratef@rward bias, and when the applied voltage is positive, the
buffer amplifier. A tuning range of 700 MHz was achievedliode is operating in reverse bias.
in conjunction with an output power in excess of 18 dBm
across the tuning band. However, there is no indication IIl. MMIC D ESIGN AND FABRICATION

as to the close-to-carrier phase-noise performance of thesyy, oqciliators are based upon a common source: series
system. The use of HBT's as the basis of miIIimeter-wavf% dback topology. The active device is a<415 ym GaAs

oscillators has been given much attention recently. HBT-baSﬁ EMT with a gate length of 0.2m and anfy of 62 GHz.

oscillators have exhibited better close-to-carrier phase-nojgg taprication was carried out by Phillips Microwave Limeil,

performance than HEMT-based oscillators [6]-[9]. This 'Brance, on 10Q:m substrates. To introduce instability, the

mainly due to the superior low-frequency noise CharaCteriStigﬁ’lgIe-diode-tuned VCO has identical SDtransmission lines
of HBT's [10]. However, the output power available fro bs shorted to ground using via holes. The gate section of

. . t
HBT-based oscillators cannot compete with the HEMT-basr{#é circuit incorporates a 5Q-transmission line to establish

oscillators [6]{9]. Investigations into HBT-based VCO's b3fhe required negative conductance at the drain terminal of the

Guttich and Dieudonnet al. [11] based upon InGaP/ GaAs.active device, a dc blocking capacitor to separate the varactor,

HBT's have shown how the VCO close-to-carrier phase-noigg,j 4 ctive-device power supplies and an interdigitated varactor

Manuscript received November 3, 1997; revised April 4, 1998. This woﬂi'Ode for tuning purposes. The diode is biased throth a radial
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UK. resistance due to its interdigital design and it provides a larger
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Fig. 3. Measured and nonlinear simulated frequency tuning with applied
varactor bias of the single-diode-tuned oscillator.
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Fig. 2. Photograph of the double-diode-tuned VCO.

Fig. 4. Measured and nonlinear simulated power tuning with applied varac-
tor bias of the single-diode-tuned oscillator.
tuning element. The output of the oscillator employs a single

open-circuit stub-matching network initially determined usin
P g y 2.0 x 2.0 mnt. The pHEMT is in the bottom-right quarter

small-signal techniques for maximum power transfer and fi th the drain at the t dth te at the bott Adain. th
tuned using the HP MDS harmonic-balance simulator. THE € drain at the top and the gate at the botiom. Again, the

drain bias is applied in a similar fashion as the varactor bi ate tuning diode is in the bottom left. The matching-network

A full description of the design procedure has been report N9 diode is in the top center. All the bias supplies are again

elsewhere [12]. A photograph of the single-diode-tuned VC%oplied to the appropriate pads extending from the radial stubs.

is shown in Fig. 1. The chip size is 20 1.6 mnf. The

pHEMT is situated to the right of center with the drain terminal IV. MEASUREMENTS AND DISCUSSION
at the top and the gate terminal at the bottom. The tuning

diode is in the bottom left area and the various bias suppliés Single-Diode-Tuned VCO

are applied to the pads extending from the radial stubs. Therijg. 3 shows the measured and nonlinear simulated fre-
output is via the three pads on the right into an appropria§gency tuning curve for the single-diode-tuned oscillator, and
coplanar-waveguide probing station. The double-diode-tunggy. 4 displays the associated measured and nonlinear simu-
VCO has the same source stub and gate resonator sectiong@sl power tuning for the same circuit. The power dropout
the single-diode-tuned VCO. The matching network involves due to the steady-state oscillation conditiBp(A,,w,) +

the use of a second tuning diode, bias network, and appropridtg(w,) = 0 no longer being satisfied, wherBp is the

dc block instead of a simple open-circuit stub. A photograph efnthesized one-port device susceptance, and is a function of
the double-diode-tuned VCO is shown in Fig. 2. The chip sizescillation amplitudeA, and oscillation frequency and By,
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Fig. 5. Synthesized one-port device small-signal susceptance as a function Applied Varactor Voltage (V)
of applied gate varactor voltage and associated load small-signal susceptance . . ) )
versus frequency. Fig. 6. Measured close-to-carrier phase noise at 100-kHz offset with applied

varactor bias of the single-diode-tuned oscillator.

is the total susceptance looking out from the synthesized one-

port device, and is a function of oscillation frequency only. The Rs &

subscripto denotes the steady-state values for these elements. A A A li: |
Fig. 5 shows the synthesized one-port device small-signal w
susceptance (solid lines) and the magnitude of the total-load I-: —QV)

small-signal susceptance (dotted lines) of the oscillator against
frequency. The device susceptance is represented as a fundtigrv. Simple equivalent circuit of varactor tuning diode.
of the applied gate varactor voltage. The dots on the device

susceptance lines indicate the linear simulation points, whichtha measurements shown in Fig. 6 show how the close-to-

are spaced 0.1 GHz apart on each line. The correspondingier phase noise at a 100-kHz offset varies with the varactor
device conductance at these simulation points indicate thails The measurements were recorded from an HPS562A
oscillations are possible, as they satisfy the condition for trgpectrum Analyzer and associaté-band external mixer.
start up of oscillations, i.e+Gp(4,w)>Gr(w). The pre- This variation exhibits a significant sensitivity around the area
dicted frequency of oscillation is where the device susceptangfere the bias applied to the varactor tuning diode causes
line and load susceptance line intersect. As the applied ggig diode to be just turned on in forward conduction. The
varactor voltage is tuned, the linear small-signal simulatiqyeak of this sensitivity is at the point where current just
shows how the oscillation frequency moves. Initially, wheBegins to flow in the varactor. To the authors’ knowledge, this
the applied varactor voltage is low, the predicted change tiiibe of behavior has not been reported for any pHEMT-based
the oscillation frequency is small. As the applied varactejco using an interdigital topology for the tuning element.
voltage increases, the rate of change of frequency increag@art from possibly a very small increase as the diode is
until (between the applied varactor bias of 1.2 and 1.4 V) thgshed further into forward bias, the series resistance of the
device susceptance line and load susceptance line no longgling diode may be assumed to be a fixed value [13]. This
intersect. This corresponds with the power dropout predictgdsumption is supported by application notes on the foundry
by the nonlinear simulations, and is observed in the measukg@del, which states, for small dc currents, the access resistance
results of Fig. 4. (R,) is constant. Consider the simple equivalent circuit of the

The good correlation between measured and nonlinear singlide, as shown in Fig. 7. The real part of the input impedance
lated results allows the designer to have good confidence in (I]er) is characterized by

device models and in the design procedure employed. Clearly,
there are two areas which may be of interest depending on the 5 g(vg - (1)
application. For average power output and a low-frequency g} (V) + w2 C3(V)

tuning range, the diode should be operated in forward andDue to the magnitudes of the elements involved, one may
low reverse bias operation (0.66.4 V). Giving an output assume that?’C?(V) = 0, leaving
power of +7.2 dBm + 0.4 dBm with a 50-MHz/V tuning

range centered upon 37.250 GHz. For a slightly higher power Rr(V)=Rs+ —. (2)
requirement with a larger tuning range and also without the (V)

need to switch the polarity of the tuning voltage, the higher As I = (V/Rr) and Rs is essentially a constant with ap-
reverse-bias tuning«(1.8—2.8 V) should be used. This givesplied voltageg(V") will increase nonlinearly with an increase
+8.8 dBm + 0.6 dBm, with a 150-MHz/V tuning range
centered upon 39.600 GHz.

§RC{ZT} = RT(V) = RS +

1

1DO2AH Design Manualvol. 1.1, Phillips Microwave Limeil, France,
1996.
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Fig. 8. Measured and nonlinear simulated frequency tuning of the do,gl- : : :
- . h Zig. 9. Measured and nonlinear simulated power tuning of the dou-
ble-diode-tuned VCO. The applied matching-network varactor voltage fe_giode-tuned VCO. The applied matching-network varactor voltage is

constant at 2.1 V for reverse-bias operation.

constant at 2.1 V for reverse-bias operation.

in forward bias. This result is expected as whe(@) =

A.I(V) is a constant, as shown by Maas [13]. Subsequently,
Rr(V) would decrease nonlinearly with increasing applied
voltage, but never drop beloWs. If the ¢ factor of the diode

is governed byQ « (1/Rp(V)C(V)), the improvement of §
the phase noise in forward bias could be explained by the

characteristics ofkr and C(V). By developing a minima
in the relationshipRr(V)C(V) at the diode turn-on voltage, §

a peak in the@ of the diode and the associated resonatoi:;\“
section in which it is embedded results. This could lead t(% -
the reduction seen in the close-to-carrier phase noise at the

diode turn-on point when operated in forward bias. From these &
measurements, it would seem that there is a tradeoff between “-. -
the output power, tuning range, and phase noise. Such that )
when the phase noise is improved, the output power and tuning

/
~
o

Fhose Noise dbc/Hz @ 100kHz

range decrease.

B. Double-Diode-Tuned VCO

Fig. 10. Contour of measured close-to-carrier phase noise with applied
varactor bias of the double-diode-tuned oscillator.

The measured and nonlinear simulated frequency tuning

of the double-diode-tuned VCO with variation of the applie
gate resonator-varactor voltage and with the matching-netw . ,
varactor operating in reverse bias at an applied voltage Qﬂnd't'ons (-0.6-0.4 V applied).
2.1 Vis shown in Fig. 8. The variation of the output frequenc9
with change in the applied matching-network varactor voltadé

jode should be operated in forward and low reverse-bias
Giving a flat output power
f +3.7 dBm 4+ 0.2 dBm with a 49-MHz/V tuning range
ntered upon 36.840 GHz. For a higher power requirement

is small compared to the change with the gate varactfd also without the need to switch the polarity of the
voltage. For clarity, only the measurements with the appliédning voltage, the higher reverse bias tuning (1.8-2.8 V
matching-network varactor voltage of 2.1 V are shown. Tr@pPPlied) should be employed. This gives a linear power
measured and nonlinear simulated power tuning with appli€aracteristic of+7.5 dBm + 0.6 dBm, with a 30-MHz/V
gate varactor voltage of the double-diode-tuned VCO is shokling range centered upon 39.020 GHz. The measured results
in Fig. 9. Again, for clarity, only the measurements recorded/® again in good agreement with the simulations. Fig. 10
for the applied matching-network varactor voltage of 2.1 $hows the measured variations of the oscillator close-to-
are shown. As with the single-diode case, the power dropdi@rrier phase noise with the change in bias applied to both
may be explained by the susceptance condition for steadlye gate resonator-varactor diode and the matching-network
state oscillations no longer being satisfied as the gate varaotaractor diode for the double-diode-tuned VCO. It may be
voltage is tuned. Again, there are clearly two areas whideen that the phase noise is strongly dependent upon the bias
may be of interest depending upon the application. For lowenditions. The best operating regime (in terms of lowest phase
power output and an average-frequency tuning range, thase) is when the gate resonator-varactor diode is operated
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in forward bias—as was shown earlier in the case of the VCO'sin CPW structure,” iHEEE Microwave Guided Wave Lettol.
single-diode-tuned VCO. Again, the characteristic minima OL1 5, pp. 379-381, Nov. 1995.
i

. . H. Wang, K. W. Chang, D. Lo, L. T. Tran, J. C. Cowles, T. R. Block,
the close-to-carrier phase noise was observed at the point g s pow, A. Oki, D. C. Streit, and B. R. Allen, “A 62 GHz monolithic

where the diode is just beginning to conduct in forward-bias InP-based HBT VCO," inEEE Microwave Guided Wave Letiol. 5,
operation. The matching-network varactor bias also strongly, PP 388-390. Nov. 1995.

. . é K. Ohata, M. Funabashi, T. Inoue, K. Onda, K. Hosoya, K. Maruhashi,
effects the measured phase noise. This could be due to thé ang M. Kuzuhara, “A millimeter wave monolithic VCO with an inte-

circuit locus and device line intersection angle moving closer grated heterojunction FET as a varactor,"24th European Microwave

; _nAi ; Conf, vol. 2, Cannes, France, Sept. 1994, pp. 1667-1672,.
to the optimum angle for lowest phase noise opera@ofﬂ) [9] Y. Kawasaki, K. Shirakawa, Y. Ohashi, and T. Saito, “60 GHz mono-

as the diode is tuned. The best results are obtained when this jithic oscillator using InGap/InGaAs/GaAs HEMT technology,”i895
diode is operated in reverse bias with an applied voltage in |EEE MTT-S Int. Microwave Symp. Digvol. 2. Orlando, FL, May

; . 14-19, 1995, pp. 541-544.
excess of 1.8 V to guarantee a close-to-carrier phase n0|s%1gf 3. Cowle, L. ﬁgn’ T. Block, D. Streit, C. Grossman, G. Chao, and

at least—70 dBc/Hz at an offset of 100 kHz for the whole gate ~ A. Oki, “A comparison of low frequency noise in GaAs and InP-based
resonator-varactor tuning range. Utilizing the combination of ~HBT'sand VCO's,”inlEEE Int. Microwave Symp. Digvol. 2, Orlando,

. . - FL, May 14-19, 1995, pp. 689-692.
a forward-biased gate varactor and a reverse-biased matchigr - Gutich, J. M. Dieudonne, K. Riepe, A. Marten, and H. Leidta®

network varactor, the resultant measured close-to-carrier phase band monolithic VCO's for low noise applications using GalnP/GaAs
noise of at least-75 dBc/Hz at an offset of 100 kHz is ~ HBT'S”in IEEE MTT-S Int. Microwave Symp. Digcol. 1, San Diego,

. . CA, May 23-27, pp. 131-134.
comparable with some reported HBT-based MMIC oscillatofgo; p. ‘Gamer, M. J. Howes, and C. M. Snowden, “Design procedures

in this frequency band [6], [11]. for millimeter wave MMIC Voltage Controlled Oscillators,” itEEE
Int. Microwave Symp. Dig.vol. 2, Denver, CO, June 8-13, 1997, pp.
885-888.

[13] S. A. Maas,Non-Linear Microwave Circuits Norwood, MA: Artech

V. CONCLUSIONS House, 1988, ch. 2, pp. 27-80.

Two Ka-band pHEMT-based MMIC VCOQ'’s have been de-
veloped using GaAs technology. The first, which incorporates
a single varactor diode as the tuning element, exhibited a

previously unreported sensitivity of the close-to-carrier phase

noise with the diode operating in forward bias. The secor- Peter J. Garner was born in Liverpool, UK., in
design employs a novel second varactor diode to reple 1972. He received the B.Eng. degree in electronic
- . . . and electrical engineering and the M.Sc degree in
the open-circuit stub in the outqu matching netw.ork. Th radio communications and high-frequency engineer-
measured results revealed a similar close-to-carrier pha ing from the University of Leeds, Leeds, UK.,
noise sensitivity with tuning-element bias and exhibited tt in 1993 and 1994, respectively, and is currently
. . working toward the Ph.D. degree in the area of
good low phase-noise properties for a pHEMT-based MMI millimeter-wave MMIC oscillator design.

VCO of —75 dBc/Hz around 38 GHz at an offset of 100 kH
Both diodes bias voltages could be altered for tuning purpos
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