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A 76—84 GHz Si1Ge Power Amplifier Array
Employing Low-Loss Four-Way Differential
Combining Transformer
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Abstract—This paper presents holistic design of a novel
four-way differential power-combining transformer for use in
millimeter-wave power-amplifier (PA). The combiner with an
inner radius of 25 pm exhibits a record low insertion loss of
1.25 dB at 83.5 GHz. It is designed to simultaneously act as a bal-
anced-to-unbalanced converter, removing the need for additional
BALUNSs typically required in differential circuits. A complete
circuit comprised of a power splitter, two-stage differential cas-
code PA array, a power combiner as well as input and output
matching elements was designed and realized in SiGe technology
with fr/fmax 170/250 GHz. Measured small-signal gain of at
least 16.8 dB was obtained from 76.4 to 85.3 GHz with a peak
19.5 dB at 83 GHz. The prototype delivered 12.5 dBm output
referred 1 dB compression point and 14 dBm saturated output
power when operated from a 3.2 V dc supply voltage at 78 GHz.

Index Terms—Cascode, differential circuit, E-band, hetero-
junction bipolar transistor (HBT), integrated circuit (IC),
millimeter-wave, power amplifier, power combiner, silicon germa-
nium (SiGe), transformer.

I. INTRODUCTION

OST wireless radio communications operate at frequen-

cies below 10 GHz where bandwidth is priceless due
to already congested frequency spectrum. As demand for ultra
high-speed data transfer unprecedentedly increases, large band-
width is required. One of the trivial solutions to this issue is
through a migration to millimeter-wave frequency regime. To
name a few, the unlicensed 60 GHz frequency band allocated
for indoor applications and the newly licensed, yet inexpensive
71-76 GHz and 81-86 GHz FE-band intended for backhaul ap-
plications provide a generous bandwidth of several gigahertz
worldwide. Despite this bandwidth advantage, the path loss in-
curred at millimeter-wave frequencies is substantially high. As
an illustration, the loss due to oxygen absorption reaches its
peak 15 dB/km at around 60 GHz. Consequently, to enable long-
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range distance data transmission, high effective isotropic radi-
ated power (EIRP) is required. Given the gain of the antenna
array, the EIRP would in turn dictate the output power level of
the power amplifier (PA).

Meanwhile, breakthroughs in nanotechnology and optics
have enabled the production of high-performance high-speed
transistors in low-cost highly-integrated silicon technology.
As a direct result, the III-V based technologies such as GaAs
and InP that have in the past decade been dominating the
market for millimeter-wave wireless products are being greatly
challenged. For instance, the 60/77/79 GHz PAs reported in
[1]-[7] and [8]-[15] were triumphantly implemented in CMOS
and SiGe processes, respectively.

Recently, there have been significant research efforts on mil-
limeter-wave silicon PA that attempt to achieve output power at
least 20 dBm derived from the EIRP specification for long-range
radios. This high power level cannot realistically be achieved by
merely relying on the capability of the largest device that even
the most advanced silicon IC process can offer. This stems from
the inevitable natural trade-off that as the ft of the transistors
increases the breakdown voltage BV ¢ decreases, limiting the
signal swing and hence reducing the output power. In addition,
thermal dissipation due to typically poor efficiency of the mil-
limeter-wave PAs eventually reduces the output power further
down. In SiGe process, an increase in temperature from 25 °C
to 85 °C typically results in 2—3 dB power reduction.

In order to relax the design specifications for the PAs, given
the challenges described above, power-combining techniques
utilizing passive structures can be adopted. Traditionally,
output power from the PAs can be combined in phase using the
Wilkinson structure [11] illustrated in Fig. 1(a). The Wilkinson
combiner is formed by two A/4 transmission lines (TLs) with
characteristic impedance Zt = Zy\/2 (Zp is the system
characteristic impedance) and a ballast resistor of 27, that
provides an excellent isolation between the input ports. In cases
where three or more PAs (n > 3) are combined, the Wilkinson
structure is no longer planar since the ballast resistors will cross
over one another. Besides, the value of Zt will increase. For
example, for n = 4, Zp will be 27y. For a 50-§2 system, this
means 100 £2. In SiGe process [16], the maximum realizable
ZT1 is about 70 €2, associated with the smallest metal width
allowed by the technology. To get around this issue, Zy can be
set to 35 2 rather than 50 2.

However, in this scenario a matching element to transform
35€2 back to 50 2 is required, adding more complexity and

0018-9480/$31.00 © 2012 IEEE
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Fig. 2. Schematic of the proposed four-way differential combining PA.

losses. Alternatively, multiple two-way Wilkinson structures
to combine 4 or 8 PAs can be used, but the insertion loss of
the combining network will soon be greater than the added
power of additional amplifiers. Also, the interconnections can
be daunting and any mismatches introduced by these intercon-
nections will degrade the overall performance.

As in the Wilkinson structure, the high-efficiency Class-E PA
reported in [17], [18] employs A/4 TLs to combine power but
without the ballast resistor, Fig. 1(b). This leads to a rather poor
isolation, but it can be tolerated if the leakage energy injected
from one port to another does not substantially affect the cir-
cuit’s operation.

Another power-combining strategy proposed in [1]-[4], [10]
and [12] is based upon transformers, Fig. 1(c). While the A/4
TL combiners are bulky and lossy, particularly if implemented
in low-resistivity silicon substrate, the transformer-based com-
biners offer very compact geometry. To give an illustration, the
inner diameter of the power-combining transformer designed at
80 GHz center frequency is only 50 xm in contrast to 465um
electrical length of the A/4 TL at the same frequency. Impor-
tantly, these transformers can also simultaneously provide an
impedance transformation (the higher the number of input ports,
the higher the impedance transformation ratio) and balanced-to-

unbalanced conversion roles, thus dispensing the need for addi-
tional matching elements as well as for BALUNS typically re-
quired in differential circuits.

To date, there are only a few publications reporting on mil-
limeter-wave transformers with combining capability of more
than two single-ended paths. For example, the transformers
demonstrated in [2]-[4] and [10] realized in CMOS and SiGe,
respectively, are able to combine four single-ended paths effi-
ciently. This paper will discuss the design of a novel compact
eight-way power-combining transformer and its implemen-
tation in SiGe technology. The loss of the combiner is only
1.25 dB at 83.5 GHz center frequency of 81-86 GHz E-band.
For practical validations, a complete circuit comprised of a
power splitter, two-stage differential cascode PA array, a power
combiner as well as input and output (I/O) matching networks
is built. The circuit schematic is depicted in Fig. 2 and the
circuit component values are given in Table I.

II. TECHNOLOGY

Active and passive circuits presented in this paper are
designed and implemented using Infineon B7HF200 SiGe
process [16]. The HBT transistors are fabricated with a
double-polysilicon self-aligned emitter base configuration with
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TABLE I
CIRCUIT COMPONENT VALUES

Fig. 2 Fig. 4
TLx 265 x 5 um? TL, 30 x 5 um?
TLy 275 x 5 ym? Tlos 70 x 5 ym?
TLinour | 330 x 2.4 ym? TLa 60 x 5 ym?
Cx 60 fF TLs 50 x 5 ym?
Cy 85 fF TLe 30 x 5 pm?
Cin 35 fF C, 50 fF
Cour 45 fF C, 55 fF
Ceap 25 fF R, 250 Q
T—Ts | 0.35 x 40 ym?
Technology B7HF200
Lithography node 0.35 um Sio,
Eff. emitter width 0.18 pm (¢,=3.9)
Substrate p-,20Qcm
fmax 250 GHz
frat jc=5mAjum? | 170 GHz
BVceo 17V
BVcso 65V 13pm
Active devices UHS/HS/HV npn
Vertical pnp
Varactor Yes
MIM capacitor Yes
Resistor Polyp*andp-
TaN
Cu metallization M1 — M4
Bonding pads Au Substrate: Si (g, = 11.9)
(a) (b)

Fig. 3. (a) Core features of the Infineon B7HF200 technology and (b) cross
section of the metal layer stack.

a selectively grown SiGe:C base. High-speed (HS) rather than
ultra-high-speed (UHS) transistors are chosen since they offer
higher BV cgo and BV ¢gs values, 1.7 and 6.5 V, respectively.
The peak fr = 170 GHz and the peak fp.. = 250 GHz
occur at a collector current density 5 mA/um?. These param-
eters are obtained from the measurements of transistors with
emitter mask size 0.35 x 2.8 um? or effective emitter size
(0.35-0.17) x (2.8-0.17) pm?.

Four copper metal layers (M1-M4) are available for inter-
connections as well as for implementation of passive elements.
The microstrip lines are realized using the top metal M4 and M2
as the ground plane. The width of the ground plane is set three
times larger than the width of the signal line. The smallest avail-
able pad measures 68 x 68 zm? and has a parasitic capacitance
Cpap 25 fF. Metal-insulator-metal (MIM) capacitors as well
as TaN and polysilicon resistors are also provided in B7HF200
process. The key features of the technology and the cross sec-
tion of the metal layer stack are presented in Fig. 3.

III. ACTIVE CIRCUITS: POWER AMPLIFIER AND DRIVER

[lustrated in Fig. 4 is the circuit schematic for the driver
and the PA. For simplicity, the biasing circuits that enable
the amplifier to operate from a single dc supply voltage VCC
are excluded in the schematic. To provide sufficient power
gain as well as output power and to isolate the output from
the input in order to minimize the Miller effect, the amplifier
employs the classic cascode topology, i.e., a common-emitter
(CE) T1-T> followed by a common-base (CB) T3-T4 in a
differential fashion. The differential architecture is preferred to
the single-ended one as it removes all even-mode harmonics

vee

w &1L
Vin ICZ

Fig. 4. Simplified schematic of a single-stage cascode PA including the input
and output matching networks.

and offers high common-mode rejection ratio (CMRR) for a
better noise immunity. The cascode stage is emitter degen-
erated in order to improve bandwidth and to avoid thermal
runaway. Input matching elements (TL;-TLs,C;—C5) and
output matching elements (TL4—TLg) are also incorporated in
the amplifier cell. Their values are given in Table I. The series
capacitance € also functions as a dc-blocking capacitance.
The differential input and output ports are matched to 50 €2
rather than 100 €2, so as to allow higher current swing to
achieve the same output power level. This is aimed to prevent
the transistors entering the avalanche breakdown region that is
not included in the present transistor’s model. The tail current
Igias is set to 50 mA in the PA cell and to 16.7 mA in the
driver cell. The biasing circuits consume 17 and 10.7 mA
in the PA and driver cells, respectively. For optimum thrust
operation, the transistors T1—T'4 should be biased at 5 mA/pm?
collector current density, resulting in a tail current 70 mA, i.e.,
(0.35-0.17) x (40-0.17) x 5.

Note that in this first design attempt, the PA and the driver in-
cluding the biasing circuits as a whole are not fully optimized for
high-efficiency performance. For example, the output referred
1 dB compression point, OP_14p, of the driver cell is 3—4 dB
higher than what is needed to drive the PA cell into saturation
and therefore consume more currents. Equally important, the
current consumption of the biasing circuits that stands at 42% as
much as that of the PA and driver core circuits combined could
be effectively reduced so as to maximize the overall PAE.

Fig. 5 shows the simulated S-parameter of the driver cell cas-
caded with the PA cell. The input and output return losses are
higher than 10 dB from 81 to 94.5 GHz and from 79 to 90 GHz,
respectively. The small-signal gain of at least 18 dB is obtained
within 66.7-88.6 GHz bandwidth and it reaches the peak 23 dB
at 80.5 GHz. The isolation is higher than 60 dB across the sim-
ulated frequencies.

IV. PASSIVE STRUCTURES: POWER-SPLITTING/COMBINING
TRANSFORMER AND ROUTING LINE

The design of a power-combining transformer involves a
number of iterative optimization procedures with the primary
aim to obtain the lowest insertion loss possible. There are two
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Fig. 5. Simulated S-parameter of the two-stage cascode PA.

key factors that contribute to the loss of the combiner, namely,
magnetic coupling factor (%) and port mismatch.

The proposed eight-way single-ended or four-way differen-
tial combining transformer (4WDCT) is illustrated in Fig. 6.
The vertical broadside-coupled structure is adopted here since
it offers higher % than the horizontal edge-coupled counterpart.
Two input windings are realized on M2 and M4 while M3 is
used for the output winding. Each input winding has two pairs
of differentially excited ports while the output winding has only
one pair. If one of these output ports is grounded, the combiner
will simultaneously exhibit as a BALUN. RF currents coming
out from the PA array will circulate in the input windings pro-
ducing a set of magnetic flux. This magnetic flux is induced to
the output winding, generating an RF current that will flow to
the load. Four differential ports in the input windings are ar-
ranged perpendicular to one another so as to prevent energy
being transferred between them. Since the number of turns of the
output winding is twice that of the input winding, the impedance
seen at each input port should ideally be one quarter of the load
impedance. This means that the output PA connected to the input
of the power-combining transformer can be matched to lower
impedances, relaxing the voltage stress on the transistors.

Design parameters that are typically optimized include the
transformer radius and the trace width. The transformer radius
is a strong function of the input susceptance and therefore it
critically contributes to the port mismatch. In addition, shunt
capacitance Cy, Fig. 2, is added to the input transformer ports to
further improve the port mismatch. The transformer radius also
determines the self-resonance frequency (SRF), i.e., the smaller
the radius, the lower the inductance, the higher the SRF. It is
important to make sure that the SRF is sufficiently far above the
operating frequency. Meanwhile, the trace width determines the
unloaded @)-factor of the metal winding self-inductance, i.e., the
wider the trace, the lower the parasitic electrical series resistance
(ESR), the higher the ). Ideally, the trace width is set to the
maximum metal width allowed by the technology but this may
require larger chip area. Further, in cases where the combining
transformer is also intended to provide dc access, i.e., to bias the
PAs, it is vital that the trace width complies with the maximum
current density of the metal winding. The inner diameter of the
octagon-shaped 4WDCT in Fig. 6 is 50 ;sm and the trace width
is 5 pm.

Fig. 6. Proposed four-way differential combining transformer (4WDCT).
(a) 3-D view. (b) Input winding #1 on M2. (c) Input winding #2 on M4.
(d) Output winding on M3. (e) Top view.

Due to the symmetry of the structure, the input impedances
seen at port 1 and 3 are identical. The same applies to the im-
pedances at port 2 and 4. On the other hand, since the elec-
trical properties of M2 and M4 are not equivalent, it is ex-
pected that {ZINl = ZINg} * {ZL\'Z = ZIN4}~ The S—pa-
rameters of the 4WDCT simulated in SONNET are plotted in
Fig. 7. Here, the differential ports of the input transformers are
terminated with the shunt capacitance C'y/2 in parallel with
50 2 resistance. One of the ports of the output transformer is
grounded whereas another one is terminated with Cpap in par-
allel with 5082 resistance. The output return loss |S55| is higher
than 10 dB from 70 to 92 GHz. As predicted, it is observed that
{|S51] = |SB3|} # {|S52] = | S54|} across the frequency band
of interest. At 83.5 GHz, |S51| = |S53| = —6.9 dB, |Sh2| =
—7.7 dB, and |S54| = —7.5 dB. This means that if 0 dBm RF
power is injected at port 5, the combined power appear at port
1-4 will be 10 x log(107%-69 +1070-69 - 10=0-77 - 10-07) =
—1.25 dBm, implying a loss of 1.25 dB or equivalent to 75%
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Fig. 7. Simulated insertion loss and output return loss of the 4WDCT.

TABLE 11
COMPARISON WITH STATE-OF-THE-ART
MILLIMETER-WAVE POWER COMBINERS

Freq. N-way Loss
Reference | Tech. Type (GHz) | (singleended) | (dB)
11 Transformer 60 2-way 09
[2] Transformer 60 4-way 0.63
[3] CMOS Transformer 60 4-way 1.2
[4] Transformer | 77-81 4-way 0.8
[10] Transformer | 77/79 4-way 1.2
[11] SiGe Wilkinson 77 2-way 0.46
[12] Transformer 77 2-way 6.6
This work Transformer 835 8-way 125
TLx TLy

O—CDTO:)—°

"
—CD——0

Fig. 8. Routing lines with capacitive compensators.

efficiency. This result is also confirmed by the harmonic-bal-
ance (HB) simulation in ADS and SPECTRE. The insertion loss
of the proposed 4WDCT is compared to state-of-the-art mil-
limeter-wave power combiners in Table II.

Up to this point, the designs of the driver and PA cells as well
as the 4WDCT have been discussed independently. One of the
remaining challenges is associated with the technique to connect
the output of the PAs to the input of the 4WDCT. Used as routing
lines are the series microstrip lines, TLx and TLy, which to-
gether with the shunt capacitance Cx form a low-pass filter.
This is depicted in Fig. 8 and their values are given in Table I.
These routing lines have to be designed accurately with atten-
tive care as any presence of amplitude and/or phase imbalance
among the eight paths would cause the signals not being com-
bined constructively and therefore would deteriorate the overall
circuit performance. Fig. 9 shows the simulated return loss and
insertion loss of the routing-line element. Broadband input and
output matching are achieved. Insertion loss is lower than 0.8 dB
from 70.5 to 85 GHz.

Simulated .S-parameters of the two-stage cascode PA with
routing-line element attached to both its input and output are
plotted in Fig. 10. Compared with Fig. 5, the I/O matching and
the reverse transmission are not substantially altered although

Magnitude (dB)
Magnitude (dB)

-40 — -4
50 60 70 80 90 100 110
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Fig. 9. Simulated return loss and insertion loss of the routing-line element.
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Fig. 10. Simulated S-parameter of the two-stage cascode PA with routing-line
elements connected at its input and output.

it appears from the |S11| plot that the routing-line elements in-
troduce a new higher-frequency pole at around 115 GHz. The
small-signal gain of at least 18 dB is obtained within 68—87 GHz
bandwidth and it reaches the peak 21.4 dB at 80.5 GHz. This
peak is 1.6 dB lower than that in Fig. 5 due to 0.8 dB loss intro-
duced by each routing-line element.

Simulated power gain versus output power of the two-stage
cascode PA with and without the routing-line elements are pre-
sented in Fig. 11. The 1.6 dB reduction in small-signal gain
agrees well with the S-parameter results. The routing-line el-
ement at the output of the PA reduces OFP_; 4p to 12 from
12.9 dBm.

V. MEASUREMENT RESULTS

The chip microphotograph of the complete PA is shown
in Fig. 12. It occupies 675 x 1264 pm? active die area.
Each PA/driver cell including the biasing circuits measures
130 x 260 pm?. The amplifier was characterized through
on-chip measurements with 100 pm pitch GSG probes used to
probe both input and output ports.

For the S-parameter measurements, the circuit was operated
from a single dc supply voltage VCC = 3.2 V. The mea-
sured and simulated S-parameter results are compared in Fig. 13
with good agreements observed. The simulation is able to accu-
rately predict the small-signal gain [S21]| of the PA up to about
86 GHz, above which the measured gain rolls off more rapidly
than the simulated one. Broadband characteristic is observed in
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the simulation where gain of at least 15 dB is obtained from
67.5 to 85.4 GHz. It reaches a peak 17.9 dB at 80.3 GHz. On
the other hand, narrower characteristic but with higher peak is
observed in the measurement. Measured small-signal gain of at
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TABLE IIT
COMPARISON WITH RECENTLY PUBLISHED MILLIMETER-WAVE PAS
Ref. ;E(/e:h' Freq. Voc | Gain | OP-1s8 Psat ';Té Poc Area
| (Grm | ©Ha) | V) | @B) | @Bm) | @Bm) | (o= | (mW) | (mm?)
M | mos | 60 |10 |58 | o 123 | 88 - 025
16l g‘;’ﬂ’c‘)"s' 77 | 12 [ 137 67 105 | 84 115 -
m | oM | 77 |12 |124| 48 | o1 | 76 | 684 | 06
0.12 ym
8] SiGe 77 25 6.1 116 125 25 325 1.58
207/285
0.13 ym 25
)] SiGe 85 +d 8 8 - 21 34 2475 24
200/- -
0.25 ym
[11] SiGe 75-80 | 3.5 >17 - 34 1 210 225
180/200
0.13 um
[12) SiGe 77 25 | 25 9 145 9 250 0.24
230/280
0.13 ym
[13] SiGe 77 25 | 185 1 12 4.7 350 -
160/175
0.13 ym
[14] SiGe 77 18 | 135 | 6.2 13 22 270 1.12
230/280
This | O:18pm
work SiGe 78 32 [ 183 | 125 14 2 1325 | 0.85
170/250

least 16.8 dB is obtained from 76.4 to 85.3 GHz with a peak
19.5 dB at 83 GHz. The simulated peak gain of the complete
PA, 17.9 dB, is 3.5 dB lower than that in Fig. 10 at the same fre-
quency around 80.5 GHz. This is due to 2 x 1.25 = 2.5 dB loss
in the power splitter and combiner as well as 2% 0.5 = 1 dB loss
in the I/O matching elements. Excellent isolation [S12| higher
than 68 dB is achieved in the simulation. However, due to para-
sitic coupling through substrate, the measured isolation is about
20 dB lower than the simulated one.

Output power, power gain, and PAE of the PA at 78 GHz for
VCOC = 3.2 V are plotted against input power in Fig. 14. The
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simulated and measured power gain slightly over 18 dB are in a
good agreement. The measured OP_14g is 12.5 dBm compared
to 15 dBm in the simulation and the measured saturated output
power, Ps.t, is 14 dBm, almost 2 dB lower than that predicted in
the simulation. This disagreement is primarily due to inaccurate
modeling of the active device, for instance, the avalanche break-
down is not accounted in the present model. Further, presented
in Fig. 15 are the measured Fs.; and PAE of the PA across the
frequency band of interest 76—84 GHz for a set of VCC values.
With VCC = 3.2V, the PA is able to deliver output power of
at least 10.3 dBm. The performance matrix of the proposed PA
is summarized and compared with other recently published mil-
limeter-wave PAs in Table III.

VI. CONCLUSION

The working principle of the novel four-way differential
power-combining transformer for use in millimeter-wave PAs
has been demonstrated. The combiner was implemented in
SiGe technology and it exhibits a record high efficiency of 75%
equivalent to 1.25 dB loss at 83.5 GHz. The combiner was
validated through small-signal and large-signal measurements
of the complete circuit that includes four driver cells and four
medium-power PA cells. Design strategy to connect the PA
and the combiner without causing substantial performance
degradation has also been discussed in a great detail.
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