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Abstract

The performance of a SiGe heterojunction bipolar transistor (HBT) millimetre-wave power

amplifier (PA) operating at cryogenic temperature was reported and analysed for the first time.
A 24 GHz two-stage medium PA employing common-emitter and common-base SiGe power
HBTs in the first and the second stage, respectively, showed a significant power gain increase
at 77 K in comparison with that measured at room temperature. Detailed analyses indicate that
cryogenic operation of SiGe HBT-based PAs mainly affects (improves) the performance of the
SiGe HBTs in the circuits due to transconductance enhancement through magnified,
favourable changes of SiGe bandgap due to cooling (AE, /kT) and minimized thermal effects,

with little influence on the passive components of the circuits.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Due to the attractive combination of high speed, high
integration level and low cost, SiGe heterojunction bipolar
transistor (HBT) technology has become increasingly
prevalent in commercial RF and microwave applications
for the past two decades [1]. As of today, a number of
millimetre (mm)-wave integrated circuits (ICs) employing
SiGe HBTs have already been demonstrated [2-8]. Among
these ICs, mm-wave power amplifiers (PAs) appear to be
the most challenging circuit to be implemented with SiGe
HBTs. On the other hand, owing to the smaller bandgap
of SiGe and the feasibility of heavy doping in SiGe and Si,
SiGe HBTs have been shown to be superior semiconductor
devices suitable for cryogenic applications [9-12]. These
demonstrations and studies, combined with the excellent
properties of tolerance to radiation of these devices, clearly
indicated the potential of SiGe HBTs for high-frequency
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space applications. Yet, previous cryogenic studies on SiGe
HBTSs were only focused on discrete low-power, high-speed
devices/circuits and logic circuits. The PA requires large-
signal operation and impedance matching has more important
influences than small-signal amplifiers (such as low-noise
amplifiers). Additionally, thermal effects in PAs are a lot more
severe than any small-signal circuits. However, there have not
been reports on the cryogenic operation of PA ICs that employ
SiGe HBTs as their active devices. As a result, it has not been
clear how cryogenic operation affects the entire PA circuits
that employ both SiGe HBTs and passive components. In
this paper, we report the performance of a two-stage, 24 GHz
SiGe HBT-based medium-power PA operating at cryogenic
temperature with the major focus on analysing how cryogenic
operation influences the active and passive components in a
mm-wave circuit.

2. Design of a SiGe HBT PA

Jazz Semiconductor’s 0.18 pum SiGe90 process [13] was
employed for the design and fabrication of the 24 GHz MMIC

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Simulated CE and CB power gain characteristics of (a) single SiGe HBT subcell (four emitter fingers), (b) 5 subcells and
(c) 16 power subcells, with interconnect parasitics included (room temperature). Vgg = 0.85 V, Vg = 3.85 V for CB and Vg =2 V for CE.
Ic =5.3,25.5 and 77.5 mA for single subcell, 5 subcells and 16 subcells, respectively.

SiGe PA. SiGe HBTs with 80 GHz fr, 190 GHz f .,
3.5 V BVcgo and 12.5 V BV¢po were employed to provide
high fnax While maintaining a sufficient bias margin. Five and
16 subcells were used in the first and the second stage of the
PA, respectively. Each subcell contains four emitter fingers
with dimensions of 0.2 x 10.16 um? for each finger. The
device area ratio of ~1:3 (5:16) for the two stages is chosen
to provide adequate drive power from the first stage [2]. In
the first stage, the common-emitter (CE) configuration was
used. The common-base (CB) configuration was used in the
second stage. Although some published SiGe HBT PA circuits
already used the CB configuration for its available higher bias
voltage than that of CE [2], the use of CB in this design was
mainly based on the power gain considerations.

Previously we have demonstrated that CB SiGe HBTs
always provide higher power gain than CE SiGe HBTs in a
high frequency regime [14—16]. The CB superiority of power
gain versus CE is also proved in this PA design. Figure 1(a)
shows the comparison of simulated power gain of a single
SiGe HBT subcell (4 emitter fingers). It is clear that, under
equivalent bias conditions (i.e. the same collector current /),
the CB configuration shows significantly higher power gain
than that of the CE configuration in the high frequency regime
(above ~2 GHz, ~4.5 dB more at 24 GHz). As the subcell
number increases, power gain degradation is expected due
to the increase of interconnect parasitics [17]. To further
compare the power gain characteristics between the CE and
CB configurations, 5 subcells and 16 subcells were simulated
and the results are shown in figures 1() and (c), respectively.
As can be seen, while the gain of these larger power cells

RFi, &Vg,

(b)

Figure 2. (a) Circuit diagram of the 24 GHz SiGe HBT PA. Q1 has
five subcells. Q2 and Q3 are identical, each containing eight
subcells. Bias conditions (RT): Vg, = Vg, =085V, Ve =2V,
Vea = 3.85 V. (b) Microscopic image of the 24 GHz MMIC

SiGe PA.
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Figure 3. Comparison of measured large-signal power performance
characteristics of the 24 GHz PA at RT and 77 K.

did degrade with respect to the single subcell (figures 1(a)),
especially in the high frequency range, higher power gain can
still be obtained from CB than from the CE configuration.
As a result, CB should be a better choice for both gain
stages. However, considering the small power gain difference
(figure 1(b)) between CE and CB for the five subcells, the
ease of matching circuit design and simplicity of bias, we
used the CE configuration for the first stage. Since the second
stage will need to be biased at higher levels than the first stage
and the power gain of the CB configuration is ~7 dB higher
than the CE configuration, we adopted CB for the second
stage. In order to obtain better virtual RF ground for the CB
configuration, differential topology and on-chip baluns were
used [2, 18, 19] for the second stage. Impedance matching
for the CB stage was also achieved with the baluns. In this
study, the major goal was to investigate the cryogenic operation
mechanism of PAs, i.e. how cryogenic operation influences the
active and passive components in a mm-wave circuit, instead
of realizing a new power performance record. To simplify the
analysis, no third stage was implemented in the PA circuit.
Figures 2(a) and (b) show the microscopic image and the
circuit diagram of the SiGe HBT PA, respectively.

S51(dB)
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3. Measurement results and analysis

On-wafer GSG probing measurements were conducted for
both small- and large-signal characteristics of the PA at
room temperature (RT, 300 K) and 77 K. To maintain
accuracy for these measurements, shot-open-load-thru (SOLT)
calibrations were carried out at the respective (RT and
cryogenic) temperatures. The designed operation frequency
(24 GHz) lies in the unconditional stable frequency range of
both SiGe (5 and 16) subcells, as indicated in figure 1. The PA
is stable, even though its input was not perfectly impedance
matched at certain frequencies. The linearity characteristics
of the PA were also measured at RT and 77 K with two-tone
measurements and 10 MHz frequency spacing.

As shown in figure 3, the two-stage MMIC SiGe PA
exhibited 20.6 dBm output power (P,) at 24 GHz with
11 dB power gain, and the peak power-added efficiency (PAE)
is 11% at RT. The power performance of the PA is greatly
enhanced at 77 K. The Py, is 22.7 dBm with a power gain of
15.4 dB and 32.7% peak PAE.

The small-signal characteristics of the SiGe PA were also
characterized at cryogenic temperatures (77 K and 187 K),
with the same dc current as RT maintained. Figure 4(a) plots
the comparison of the measured small-signal power gain (S21)
of the circuit, under equivalent output dc current at different
temperatures, for the frequency range of 20 to 30 GHz. At
24 GHz, the PA exhibited 16.5 dB and 20.0 dB at RT and
77 K, respectively. The S,; enhancement is 3.5 dB. In
figure 4(b), the PA matching conditions (S;; and Sy;) that were
simultaneously measured were compared between RT and the
cryogenic temperatures. Although the input matching point
of the circuit was slightly off the designed frequency 24 GHz,
which results in a poor return loss at the operation frequency,
figure 4(b) clearly indicates that negligible changes in the input
and output impedance of the PA circuit were observed. These
results clearly demonstrate that high-frequency SiGe HBT PAs
are excellent contenders for cryogenic applications.

Figure 5 shows the measured linearity characteristics
of the PA at 24 GHz. As shown in the figure, the
input/output third-order intercept points (IIP3/0IP3) at 77 K
and RT are —0.4/16.0 dBm and 3.6/17.0 dBm, respectively.

20 22 24 26 28 30
Frequency (GHz)

(b)

Figure 4. Comparisons of measured S-parameters of the 24 GHz PA at RT and cryogenic temperatures (187 K, 77 K). (a) Small-signal
power gain S;. (b) Input matching S;; and output matching S,,. The bias voltages are the same as that listed in the caption to figure 2,

except for that Vg, =V, =0.87 Vat 77 K.
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Figure 5. Comparison of the measured linearity characteristics of
the 24 GHz PA at RT and 77 K. The dashed lines are used to guide
the data view.

The third-order output power (Pgy;_3rq) Of the PA dramatically
increased with the decrease of temperature, while the first-
order output power (Pqyt_1st) slightly increased. As indicated,
for the measured frequency range, the linearity of the PA at
RT is slightly better than that at 77 K.

Based on the fact that the impedance matching conditions
have almost no change as indicated in figure 3(b), we
speculate that the passive components used in the PAs are not
significantly influenced by cryogenic temperatures. Instead,
the dramatic performance enhancement of the PA is believed
to be mainly due to the transconductance enhancement of
the SiGe HBTs through the magnified favourable changes
of the SiGe bandgap due to cooling (AE,/kT). In order to

verify the above hypothesis, ADS simulations were conducted
to analyse the power gain (S;;) characteristics for each
of the two stages at both RT and cryogenic temperatures.
Figures 6(a) and (b) show the S»; comparisons for the SiGe
HBT power cells in both the first and the second stages
(interconnect parasitics effects included) between RT and
77 K, respectively. Under equivalent output current, the
first/second stages exhibit 1.70/1.61 dB higher power gain
at 24 GHz at cryogenic temperature than at the RT. The
S»1 of the entire circuit with matching circuits included was
also simulated and the results are consistent with that shown
in figure 6(a) and (b), as shown in figure 6(c). The total
power gain improvement from the simulations is 3.31 dB.
Apparently, the power gain improvement contributed by
the two SiGe power HBTs at cryogenic temperature
closely matched with the total measured power performance
enhancement (3.5 dB). The slight difference (0.19 dB =
1.04: 4% difference) could be attributed to the minimized
thermal effects under cryogenic operation because of the much
better heat dissipation conditions, as well as partially due
to measurement inaccuracy (varied from circuits to circuits).
Based on our observations from the measurements, both stages
experienced self-heating during operation at RT (note that the
PA chips need to sit on the metal stage of the probe station to
avoid thermal runaway during operation and they can melt
a plastic substrate if mounted so) due to the large device
size, and the self-heating should have increased the junction
temperatures for the two power cells. The self-heating is
particularly observed at higher bias levels. However, we did
not observe such self-heating when the PA was operated at
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Figure 6. Simulated power gain (S,;) characteristics of: (a) first stage, (b) second stage and (c) the entire circuit at RT and 77 K.
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cryogenic temperatures, even though a plastic substrate was
used. The self-heating at RT could have increased the junction
temperatures for the two power cells.

It is believed that the cryogenic operation has also caused
the total parasitic input (first stage) resistance (base-emitter
resistance: Rpg = Rp + R = Rpsemi + Rpmea +
RE semi + RE meta) increase and the increase of the base-to-
ground resistance of the second stage, which is indicated
by the small increase of bias voltages (e.g., Vg1 = Vpy =
0.87 V at 77 K versus 0.85 V at RT) applied to the circuit
while maintaining the same bias current levels as for the
RT. The total parasitic resistances at both stages include
metal resistance and semiconductor resistance. At cryogenic
temperatures, metal resistance decreases and semiconductor
resistance increases. For the first stage (only five subcells),
the base semiconductor resistance (Rp semi) 1S much higher
than the base metal resistance (Rp meta), While the emitter
semiconductor resistance (Rg semi) could be comparable with
or even lower than the emitter metal resistance (Rg meta). As a
result, based on the measured bias change, the input resistance
(Rpg) increase is caused by the increase of total base resistance
(Rp), in which the base semiconductor resistance (Rpg semi)
dominates. The emitter resistance change (Rg) is reflected on
the slight changes of the linearity characteristics (figure 5).
Higher emitter resistance resulted in higher IIP3/OIP3 [20].
Therefore, the total emitter parasitic resistance (Rg) is very
slightly decreased, in which the emitter metal resistance
dominates at 77 K. Based on simulations, the total base
resistance change is about 18 2. However, combining with
the inductor and capacitor used for the input matching circuit,
such a resistance change was still not sufficiently large to cause
any substantial changes for the impedance matching.

4. Conclusion

Performance of a two-stage 24 GHz SiGe HBT medium PA
operating at cryogenic temperature was reported and analysed
in this paper. The two-stage PA employing common-emitter
and common-base SiGe power HBTs in the first and the second
stage, respectively, exhibited a nearly 3.5 dB power gain
increase at liquid nitrogen temperature than room temperature
(RT). The linearity characteristics were slightly degraded at
77 K. Both experimental and simulation results indicate that
cryogenic operation of SiGe HBT-based PAs only affects
(improves) the performance of the active components of the
circuits, while the influence on the passive components is not
sufficient to affect the impedance matching of the circuits.

As a result, not only are discrete SiGe HBTs a contender for
cryogenic electronics applications, but also the ICs employing
these high-speed devices.
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