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Abstract - Coplanar W-band posh-push VCO MMICs 
using GaInPlGaAs HBTs are presented. One circuit operates 
at 17 GHz with phase noise of -92 dBc/Hz at 1 MHz offset. 
To our knowledge this is the tirst fully monolithic W-band 
VCO with phase noise better than -9OdBcRiz. A second 
version with two varactor diodes yields an almost threefold 
relative tuning bandwidth. 

I. INTRoDucnoN 

Low phase-noise VCOs are key building blocks in mm- 
wave systems for wireless communications and sensors. 
For W-band applications, several VCO approaches were 
presented [l]-[2], most of them using GaAs HEMTs 
because to their high transit frequency. But HEMTs 
generate a high level of I/f noise. Hence, only systems 
with external resonator or injection locking [3] achieve 
acceptable phase noise. 

Because of the vertical current flow, the HBT offers 
superior l/f-noise performance. Up to now, Si- of SiGe- 
based HBTs cannot address W-band frequencies. 
Therefore, InP or GaAs HBT technology is preferred [4]- 
[5], which combines high frequency potential with low l/f- 
noise. As is shown in the following, GaInP/CiaAs-based 
MMICs can achieve reasonable output power at 77 GHz 
combined with phase-noise levels below -90 dBc at 
1 MHz offset. 

The circuits presented rely on the push-push principle. 
Since no combiner is used, the second harmonic is 
extracted directly at the virtual ground as shown in [2] and 
[6]. In contrast to many other push-push oscillators, the 
fundamental frequency is terminated reactively, which 
increases quality factor QL. To reject even-mode 
oscillation, a second combining point is introduced. 

In a differential oscillator, two symmetric oscillator 
circuits ax combined into one. Depending on the 
connection point, the two oscillarors run in-phase OI anti- 
phase. In a push-push oscillator, a ground node of the 
single stage is used as connection point. Since signals are 
in anti-phase, it acts as virmal ground. At this node, the 
fundamental cancels out, but the second harmonic 
interferes constructively and is extracted. This concept has 

several advantages. The frequency range of the active 
device is extended, because the devices are operating at 
one half of the desired output frequency. This results in 
higher gain and lower phase noise. In some cases, higher 
Q-values can be obtained at the lower frequency as well. 

Moreover, since the output node forms a virtual ground 
at the fundamental frequency, impedance termination is 
facilitated. Any load can be connected to the output. It will 
only affect the second and further even harmonics but not 
the fundamental. Thus, a complex output matching 
network can be avoided. 

III. TECHNOLOGY 

Metalorganic Vapor-Phase Epitaxy (MOVPE) is used 
for growing the epitaxial layers. For further details see [7]. 
The HBT MMICs arc fabricated on an in-house indushy- 
compatible 4” process line with stepper lithography. The 
process comprises 14 mask levels. 

To achieve low l/f-noise and high f,,,,, the emitter-base 
mesa fabrication step has to be designed very carefully: 
with smaller under-etching of the emitter metal, which is 
used as an etch mask, the distance from emitter to base 
metalization decreases. This yields lower base resistance 
Rb and thus higher f,,,,. In the same way, the cross-section 
area of the emitter increases and hence emitter resistance 
and l/f-noise decrease. To achieve small under-etching an 
interferometrically controlled double dry-etch process was 
developed using both anisotropic and isotropic etching: In 
a first step, approx. 120 MI of the InGaAs/GaAs emitter 
contact layer are etched anisotropically, in the subsequent 
step the remaining GaAs is etched isotropically using the 
G&P-emitter as etch-stop layer. 

Ledge technology is used to eliminate emitter-base 
surface-leakage and thus excessive l/f-noise. He’- 
implantation is applied for device-isolation. In order to 
reduce the base-collector capacitance Cbc (C, = C,,S, + 
C,,), we introduce an additional He’-implantation in the 
outer region of the base fmgers. As a result, the underlying 
base layer and the upper part of the collector (approx. 
800 nm) become insulating, which strongly decreases C,,. 
Together with a reduction of the base-emitter distance 
from 1.3 pm to 0.5 pm, this increased f,, from 95 GHz to 
170 GHz. 
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Fig. 1. Emitter wiring with vaactor-loaded CPW for single- 
stage VCO (a) and combining circuit for push-push oscillator 
(b). 

The coplanar MMIC process is complemented by MIM- 
capacitors (dielectric material: SIN,), thin-film-resistors 
(NiCr), spiral inductors, and air bridges (electroplated 
gold). 

even-mode reflection. On the other hand, using a high 
impedance for the load maximizes S12 and therefore the 
separation between the two modes. 

For all cases, the odd-mode reflection rodd is equal to 
single-stage reflection I,, independent of the loading, 
because of the virtual ground in the combining node. In 
order to achieve a good suppression for the even-mode, we 
choose the output circuit as shown in Fig. 1 (b). For the 
fundamental at 38 GHz, the h/4 open stub short-circuits 
the load impedance RL. With the second h/4 CPW section, 
this short behaves like an open in theambining point and 
a good separation between odd and even mode is obtained. 

For the second harmonic at 17 GHz, the length of the 
open stub is h/2. Therefore, it represents an open at the 
input as well and the combining point is loaded with RL, 
which equals 500. With this configuration, a good 
matching for the second harmonic is obtained without any 
further network elements. 

Finally, one has to check for a possible out-of-band 
even-mode operation. This is suppressed by a second 
combining node at the base of the transistors. Again a h/4 
stub is used to get a good mode separation. 

The second VCO version is based on the same circuit 
principle. However, the ground-to-ground spacing of the 
CPWs is scaled up by a factor of 3 to increase the quality 
factor. Loading the base with a second varactor with 
separate tuning input leads to a higher VCO bandwidth. 

IV. Ct~curr DESIGN 

The oscillators are designed according to common 
feedback theory. Shifted short stubs at base and collector 
yield a negative resistance at the emitter port. As 
illustrated by Fig. 1 (a), the length I, of a varactor-loaded 
CPW is used to adjust the phase of the single-stage 
reflection factor r, in order to fulfill the oscillation 
condition. 

The ground node of the varactor is chosen as combining 
node for the push-push design (see Fig. 1 (b)). As 
mentioned in Sec. II, a load at this node will not affect the 
fundamental frequency in the odd mode, but it is important 
for odd- and even-mode separation. Simulating the 
combining circuit shown in Fig. 1 (b) one fmds for odd- 
and even-mode reflection I~ and r,,., respectively: 

Gdd=SI1-S12 me,,, = Sl, + sn (1) 

Connecting ground directly to the combining point, the 
two oscillators separate completely and so there would be 
no phase relation between them any more. S12 equals zero 
in this case and from (1) one obtains identical odd- and Fig. 2 Chip photo of the 77 GHz VCO (version (0, chip size 

is 1.3 x 1.7 mm ). 
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Fig. 3 Tuning characteristic of the VCO version (i): output 
power and oscillation frequency as a function of tuning voltage. 

P,, = -2.3 dBm. Using the circuit in a system, the 10 dB 
on-chip attenuator can be omitted and an output power of 
7.7 dBm is available. 

Because the vnrnctor is biased against the 5 Q emitter 
resistor, for low tuning voltages (< 1 V) some non- 
linearity in the tuning curve must be accepted. The 
measured frequency range is f,, = 76.5 + 1.2 GHz, 
corresponding to 3.1 % tuning bandwidth. 

Phase noise measurements were performed with the 
ES04 system from Agilent. First, the signal was mixed 
down to the lower GHz range and then measured applying 
the delay-line method. The results are show” in Fig. 4. For 
the 77 GHz signal, a phase noise of -92 dBc/Hz was 
measured at 1 MHz offset frequency. Collector voltage 
and current were 4.5 V and 108 mA, respectively. 

V. RESULTS 

Fig. 2 presents a chip photo of the first VCO version. 
For test purposes, one can probe all bins feeds separately 
by removing airbridges. Otherwise, only collector and 
tuning voltage need to be connected. In parallel to the 
output branch, a large resistor is used to feed the varactor 
tuning voltage. 

Because the push-push principle is used with second 
harmonic extraction in the combining node, the output 

. circuit has only a very weak influence on the fundamental. 
Therefore, load-pulling effects remain small. For further 
load-pull rejection, a 10 dB attenuator is integrated on the 
chip. As can be see” from Fig. 3, there are no steps or 
spikes in the tuning characteristic indicating load-pulling 
phenomena. 

The power was measured using a HP W8486A power 
sensor. In contrast to spectrum analyzer measurements this 
leads to an almost constant output power of 
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Fig. 4 SSB phase noise against offset frequency (VCO 
version (i)). 
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Fig. 5 Frequency tuning of the VCO version (ii): oscillation 
frequency against tuning voltage at varacmr I with the voltage at 
“araCtO* 2 as a pamnleter. 

At the same port, the fundamental was measured. The. 
rejection is better than 25 dB. Phase noise at the 
fundamental is approximately 3 dB below the value at the 
second harmonic (see Fig. 4). This means one has only a 
3 dB degradation from fust to second harmonic while 
6dB difference nre obtained when using a frequency 
doubler. This is a further advantage of the push-push 
concept. 

The second VCO was realized with CPW of larger 
cross-sectional dimensions. Due to model inaccuracies for 
structures of this size, the frequency missed the target 
value by 14 %. The oscillator has an additional varactor at 
the base. Therefore, two tuning voltages can be applied. 
The frequency tuning characteristics are plotted in Fig. 5, 
where V,, and V,, denote the voltages at emitter and base 
vnrnctor, respectively. With V, a coarse adjustment of the 
frequency is done. 5.6 GHz tuning range are measured, 
which refers to 8.6 % of the center frequency of 65.3 GHz. 

905 



66 

65 

H 
c 64 

LLe 
63 

62 
0 2 4 6 8 10 

",I 

Fig. 6 Tuning characteristics of the VCO version (ii): 
frequency and phase noise (spectrum analyzer measurements) as 
a function of tuning voltage. 

For V,, = 2.5 V, phase noise was measured “sing a 
‘spectrum analyzer. Fig. 6 presents the results. At optimum, 
a phase noise improvement of 5 dBc/Hz is achieved over 
fist VCO version. Because of the larger CPWs and tlx 
additional varactoI the chip size enlarges by a factor of 2 
to the fast VCO. Output power of this circuit is about 
-20 dBm. 

VI. CONCLUSIONS 

Two fully monolithic push-push oscillator MMICs are 
presented. The first version operates in the 77 GHz band 
with an output power of -2 dBm (8 dBm accounting for 
the on-chip isolation element), a tuning bandwidth of 3 % 
and a phase noise better than -90 dBc/Hz, measured at 
1 MHz offset frequency. To O”I knowledge, this is the best 
phase noise of a fully on-chip VCO in this frequency range 
‘(see Fig. 7). The second oscillator version uses larger 
CPWs, which yields a tiutber phase-noise improvement. 
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Fig. 7 SSB phase noise data at 1 MHz offset against 
frequency for published MMIC VCOs. 

With an additional varactor tuning at the base, the tuning 
range is increased to 8.6 %. The results demonstrate the 
potential of GaAs-based HBT-MMICs for low phase-noise 
W-band oscillators. 
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