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Abstract—This paper presents a 24.25GHz to 30.5GHz
wideband SiGe front-end module including a passive phase
shifter (PS), a low impedance and low phase variation variable
gain amplifier (VGA) and a linear power amplifier (PA)
dedicated to beamforming architectures. The whole chip
exhibits 33dB of maximum gain, 24dBm of saturation power
(Psat) and 32.5% of maximum Power Added Efficiency
(PAEmax) at 27GHz. Phase adjustment covers 360° with a
minimum resolution of 5.6° and gain covers a 16dB range by
0.5dB steps. The circuit is implemented in a SiGe 130nm
BiCMOS process and occupies 0.53 mm? without pads.

Keywords—SiGe, HBT, current mirror, phase shifter, variable
gain amplifier, power amplifier, 5G, beamforming

I. INTRODUCTION

The new generations of telecommunication, such as the
fifth generation (5G), require compact, reliable, affordable,
and high-speed circuits. Silicon is becoming increasingly
popular for power amplifiers design due to its excellent
performance in terms of gain, linearity and high level of
integration compared to III-V technologies. SiGe is a
promising material for power amplifiers due to its
combination of bipolar and MOS transistors, as well as its
compact size and reliability. The integration of digital and RF
circuits on a single chip is made possible through this
technology.

Phase shifters (PS) and variable gain amplifiers (VGA)
play a crucial role in communication systems, particularly in
5G millimeter-wave front-end using phased-array technology
[1], [2], [3]- The main challenges lie in controlling the phase
and the gain for the beam direction as well as reducing the
side lobes. Besides this, in order to prevent distortions, the
power amplifier (PA) must be driven in the linear region. The
PA requires a high Power Added Efficiency (PAE) at its
saturation and at 8dB of power back-off.

VGA &
SiGe Chip

Fig. 1. SiGe mmW module including PS, VGA and PA

Phase shifter

This paper presents the first fully-integrated RF module
including phase and amplitude controls followed by a power
amplifier in 0.13um SiGe technology. Post-layout
simulations are fully compliant with the mandatory specifi-
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cations of the mmW 5G application. It is organized as
follows. Section II describes the design of the different sub-
circuits of the chip (Fig. 1). Section III presents post-layout
simulations of the entire SiGe module and a comparison with
other works. The SiGe chip output power is sent to a GaN
HPA.

II. CIRCUIT DESIGN

A. Phase shifter

The phase shifter is a key element in beamforming
systems. Indeed, by adjusting the phase of the signal at each
antenna, the transmitted power can be directed towards a
specific direction, thereby increasing the equivalent isotropic
radiated power (EIRP). The quality of these systems is largely
dependent on each individual phase shifter. When evaluating
the performance of a phase shifter, several factors are taken
into consideration including the power consumption, the
insertion losses, the variation of losses regarding the phase
setting, the phase resolution and the accuracy. Meeting these
criteria can be a significant design challenge, especially at
millimeter-wave frequencies.

In order to decrease the overall system power consumption
and have a high phase resolution, the selected architecture is a
Reflection-Type Phase Shifter (RTPS) [4]. It relies on passive
components, resulting in zero power consumption, high
linearity, and bidirectional operation. Each RTPS uses a 90°
hybrid coupler and two reflective loads (Fig. 2).
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Fig. 2. RTPS principle with a 90° hybrid coupler and two reflective loads

The input signal (RFin) is separated in two signals. The first
one is sent to the CPL port with a phase equal to 6. The other
is sent to the THRU port with a phase equal to 6 — 90°. The
signal is reflected by the varactor and recombined in phase on
the ISO port and out of phase on the IN port. The varactor
reflection coefficient 7 phase enforces the phase of the
signal. The phase difference between the input and the output
is:

A® = 2T, — 90° €Y



By changing the capacitance of the varactor, the phase of the
reflection coefficient can be changed as follows :

1
2l = 180° — tan™? ( ) 2
L an CwZ, (2)

With C the capacitance of the varactor, Zy the characteristic

. c
impedance. A tradeoff between Cma"

== ratio and the Q factor is
C mn
needed. Indeed, a large C"“f" ratio leads to a large phase range

but a low Q factor Whicﬁ”?ncreases the losses. In this work,
three cascaded RTPS have been used (Fig. 3).
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Fig. 3. Phase shifter architecture with three cascaded RTPS

The 5-bit first RTPS allows for a phase sweep from 0° to
45°, when the 1-bit second and third RTPS allow for 45° and
90° phase shift, respectively. These three RTPS together
exhibit a maximum phase sweep of 180°, which can be
extended to 360° using the inversion bit of the VGA (this will
be explained in section B). The two first RTPS use variable
capacitors called varactors and the last one is a switched
capacitor.

Integrated 90° hybrid couplers are chosen for their high
compactness and their low losses (0.35dB) [5] at millimeter-
wave frequencies, making it possible to cascade them while
minimizing the required surface area. One RTPS is composed
of one hybrid coupler and two reflective loads. (Fig. 3)

RTPS1:

The first RTPS reflective load consists of five double
varactors. The varactors are designed to be doubled in size for
each branch. By changing the ratio of width to length (W/L),
phase dynamic is changed. The varactors are independently
controlled by bits 7 to b5, which allows for control over the
voltage (Fig. 4).
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Fig. 4. First 5-bit RTPS reflective load
RTPS2:

The second RTPS reflective load features one double
varactor, which follows the same design as the first one (Fig.
Sa).
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Fig. 5. Architectures of (a) the second 1-bit RTPS reflective load and (b)
the third 1-bit RTPS reflective load

RTPS3:

Reaching a phase shift of 90° with the same RTPS cannot
be done with the same topology because the capacitor ratio is
too large that would imply an important increase of losses. So,
the third RTPS uses a switched capacitor instead of a varactor
(Fig. 5b).

If the transistor is ON, the transistor is equivalent to its
resistance Ron. The corresponding phase is 0°. If the transistor
is OFF, the transistor is equivalent to a capacitor Corr. The
corresponding phase is 90°. The phase shifter layout exhibits
a total size of 0.18mm? without pad (Fig. 6).
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Fig. 6. Layout of the SiGe phase shifter

The drawback of this topology is that according to the
binary code of the phase shifter, insertion losses are different,
especially for high-order bits. To fix that, the compensation
technique explained in [5] is used for the bits b4 and b5 which
leads to put a transistor in parallel with varactors in order to
smooth the losses whatever the varactor voltage.

This three-part cut of the phase shifter offers a high
bandwidth, low losses, and a low variation in losses. It is the
same architecture as [5] with three cascaded RTPS but every
RTPS does not cover the same phase range. Indeed, in the
work presented in [5], the continuous RTPS covers 60° of
phase range which causes 10dB of insertion losses. In order to
limit losses, it is better to reduce the range of the continuous
RTPS and to complete the phase lack with the two discrete
RTPS.

Post-layout results are presented (Fig. 7). The input
impedance exhibits minimal variation when the binary code
changes (Fig. 7a), with losses ranging from -9.5dB to -7.3dB
(Fig. 7c) between 24.25 and 30.5GHz. The variation in
insertion losses between all the phases is low that means there
is a good EVM (Error Vector Modulator). The resolution is
better than 5.6° and phases cover 180° with the phase shifter
alone (Fig. 7d). A phase inversion is realized thanks to the
VGA presented in section B allowing to cover 360°.
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Fig. 7. Phase shifter performances with all binary codes on 24-31GHz: (a)
Si1 (dB), (b) S22 (dB), (c) Sz (dB) and (d) Sz, covered phases at 27GHz

This phase shifter architecture, including varactors and
hybrid couplers, is wideband [5]. That is important for the
system to cover the targeted frequency band.

B. Variable Gain Amplifier

In order to maintain compatibility with other blocks and
minimize distortion, the VGA has to offer constant input and
output impedances at all gain levels. To achieve this without
the need of additional calibration or compensation circuits,
which can increase power consumption, device size and
losses, the gain control must be precise and exhibit minimal
phase variation. To further enhance the performance of the
VGA and remove constraints on the RTPS, it may be
beneficial to include a 180° phase inverter in the VGA design
[6]. For that, the double differential architecture is used (Fig.
8). The positive point here is about the use of bipolar
transistors in this RF architecture thanks to the BiCMOS
technology. This allows the circuit to reach a better gain and
to be more linear than with MOS transistors. Furthermore, a
digital control is advantageous because it facilitates the
interface with the digital signal processor (DSP) and makes
the system less sensitive to environmental influences.

The current control (Fig. 8) is independent from the RF
signal, and MOS transistors are chosen over bipolars due to
their improved temperature variations resistance. The product
RonCorr of the MOS transistor, which appears like a switch
in this architecture, is about 260fs. It is the same for the four
cells. Simulations have been led with the same node in a
CMOS SOI technology. In comparison with this technology,
since the size of the transistors is small, which is the case in
this work, RonCorr is quite the same as for BiCMOS
technology (= 300fs). So, for this kind of application, using
MOS transistors of the BICMOS technology gives the same
performances as MOS transistors of a CMOS technology. But
the advantage of the BICMOS technology lies in the use of
bipolar transistors in the double differential pair which
provide better performances than MOS transistors in terms of
gain and linearity.

The VGA control circuit (Fig. 8) is made up of switches
and inverters, allowing for one differential pair to be active
while the other is inactive [7]. This ensures that the number

of transistors in use remains constant, resulting in a same
power consumption regardless of the binary code. The VGA
is designed to have a very small impedance variation and a
low phase variation.
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Fig. 8. VGA cell architecture with control circuit

The proposed architecture is a 4-bit digitally controlled
VGA linear-in-dB. It is composed of four cells in parallel.
The VGA under consideration uses switched cells for gain
control (Fig. 9a). This figure illustrates that the four cells on
the left are each controlled by a single bit, while the four other
cells on the right are each controlled by the inverse of the
corresponding bit. The symmetry of the two crossed
differential pairs makes it possible to target a gain for a given
phase and its exact opposite on the chart, ensuring 180° phase
inversion. The transistor width of these cells is scaled
enabling the gain to be linear-in-dB and precisely-defined
manner using binary codes. This configuration makes it easy
for a DSP to control the VGA gain. The output current of each
cell is determined by the size of its transistors. The four cells
correspond to four different gain levels: maximum gain
(Gmax), maximum gain minus 4dB, maximum gain minus
8dB, and maximum gain minus 12dB. To fill the gap between
these stages, the reference voltage (V) is swept from 372mV
to 400mV (Fig. 9).

RFout+ RFout-
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VGA (a) architecture, (b) S-Parameters S;; and S,, (dB)

Fig. 9.

Bits enable a coarse sweeping whereas V,.rprovides a fine
sweeping by 0.5dB step (Fig. 10) on the 16dB range. This
topology ensures low impedance variation (Fig. 9b) and
minimal phase variation.
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Fig. 10. 32 gain levels on 24-31GHz bandwidth

The VGA is very compact with an active area of 0.122mm?
(Fig. 11).

Fig. 11. Layout of the SiGe VGA

C. Power Amplifier

The PA consists of two stages (Fig. 12): one gain stage
with a common emitter topology and a power stage with a
cascode topology. The common emitter stage provides a high
gain, while the cascode stage delivers the output power
required in the specifications. In the cascode architecture [8],
the power swing is evenly distributed between the common
emitter and the common base transistors, resulting in an
efficient and effective amplifier. The goal is to design an
amplifier that is linear, stable, efficient at maximum power
level as well as power back-off operation. To stabilize the
circuit, various solutions were employed, such as RC circuits
in the bases of the cascode common-emitter transistors and
capacitors in the bases of the common-base transistors. Impact
ionization effect, which can occur in bipolar transistors, can
be counteracted by using these capacitors very close to
devices. Neutralization transistors are also used to stabilize
and increase the gain.

Vb1 Vb2

Veet Vee2

7

Fig. 12. Two-stage PA architecture

This project requires a circuit with a high PAE so it is
essential to pay close attention to the output of the PA,
particularly the output balun. This component is crucial for

efficiency and consists of a single turn at the primary and
secondary due to the small impedance transformation
required. The output balun is 90um wide (Fig. 13) and has a
loss of 1.58dB at 27GHz. The cascode amplifier is composed
of 8-emitter high-speed transistors, while the driver uses 4-
emitter high-speed transistors. Dimensions have been
determined by optimizing the PAE while guaranteeing enough
output power [9]. Current mirrors are used to bias the bases of
the common emitters in order to protect the circuit from
temperature variations.

Fig. 13. Layout of the SiGe PA

The PA has been simulated at 27GHz and its performances
are presented in Fig. 14. The maximum gain reaches 23.8dB
and the maximum PAE reaches 31%. At 8dB of power back-
off, the PAE achieves 14% (Fig. 14a). The PA exhibits
24dBm of output power at the saturation Py, and 23dBm of
1dB-output compression point OCP;sz (Fig. 14b). Phase
distorsion is low in the linear zone (<2.2°). Fig. 14b and Fig.
14c show the good linearity of the PA. S-parameters are
shown in Fig. 14d between 24 and 30.5GHz. The small signal
gain Sy; ranges from 21.1 and 24.9dB between 24.25 and
30.5GHz.
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Fig. 14. PA performances: (a) PAE and gain (P,) at 27GHz, (b) P,y (Pin) at
27GHz, (c) Phase distorsion at 27GHz and (d) S-parameters on 24-30.5GHz

27GHz performances have been presented but this PA
provides good results on the whole band 24.25-30.5GHz. For
that, passive components like baluns and transformers have
been designed to be wideband. Neutralization capacitors are
used to stabilize the amplifier in a broadband way. Transistors
have been made to maximize the current density J. [10] and
transition and maximum frequencies f7 and fyax.
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Fig. 15. Layout of the PS-VGA-PA SiGe module without pad : 0.53mm?

D. MmW PS — VGA — PA module :

To simulate the complete system including the PS, the
VGA, and the PA, each block has been co-designed and
transformers have been used as inter-matching networks in
order to optimize impedance and reduce losses (Fig. 15). This
original co-design of three blocks inside a same RF module
provides very good performances in terms of beamforming
and power. This front-end module is very compact (Fig. 15)
and could be used in many applications thanks to its
versatility.

IIT. POST-LAYOUT SIMULATIONS

The entire chip has been simulated with all gain levels
(Fig. 16). Maximum S;; covers 17 to 33dB on the targeted
frequency band. Si; is below -10dB and S5, is below -5dB on
24.25-30.5GHz. It is easy to see on S and Sy parameters that
whatever the implemented VGA binary code, impedances at
the input and the output are the same.
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Fig. 16. S-parameters (a) Sz, Sz, Si1, Si2 (dB) (b) Sz1, Sz, Si1on 24.25-
30.5GHz

Large signal simulations have been led (Fig. 17) and
all gain levels and powers are printed at 27GHz with all
possible codes of VGA bits and a sweep of V.. Power
consumption (P4.) remains constant (Fig. 18a) for every VGA
binary code.
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Fig. 17. Large signal simulations of (a) Gain (dB), (b) Pout (dBm) ranging 32
gain levels

Maximum PAE (Fig. 18b) of the overall system is 32.5% at
27GHz for the highest gain. Fig. 18b shows that the PAE is
the same for a given P,y whatever the code. At 8dB of power

back-off, PAE reaches 14%. Fig. 18c shows the low phase
variation for all VGA states at 24, 27 and 31GHz.
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Fig. 18.  For all VGA binary codes : (a) Power consumption Py, (W), (b)

PAE (%) and (c) Gain levels with low phase variation at 24, 27 and 31GHz

Fig. 19 illustrates the various phases encompassed by three
possible VGA binary codes (and their conjugates) covering a
full 360° range thanks to the VGA phase inversion bit.

0000 & 1111 L .
/ 0010 & 1101

S/

S21 (dB)

Fig. 19. Phase range with three VGA binary codes and VGA phase inversion
at the RF module output

Fig. 19 shows three out of the 32 gain levels, and it is evident
that the entire 360° range is covered in each of these cases.

Linear stability has been studied and is presented in
Fig. 20 with the k factor of the same codes as Fig. 19. k is
superior to 1 between 0 and 100GHz which proves the good
linear stability of the entire chip.
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The post-layout simulations results of this study are
presented in Tab. I. They are compared to the results of other
studies that have been measured. In terms of Py, bandwidth,
PAE at 8dB of back-off, PAEmax, gain and phase controls, this
study outperforms [1] for the same technology. In [2], the
performance of a 180nm SiGe TRX module is reported,
which provides a better Ps, due to the number of TX, but only
one channel offers 12dBm of OCP1dB. According to [3], a
trade-off was made between PAE and P, resulting in a higher
PAE but a lower Py, with the 45nm CMOS SOI technology.
However, it should be noted that these results are based on
four TX, unlike this study. As a result, this paper provides
very compliant post-layout simulations with the mandatory
5G specifications.

IV. CONCLUSION

In this paper, a fully integrated module has been presented
including a passive and linear phase shifter, a low impedance
and phase variation VGA and an efficient and linear PA in
0.13pum SiGe BiCMOS technology. To the best of the authors’
knowledges, this paper presents the best fully integrated RF
module including these functions on 24.25-30.5GHz for 5G
communications. The system maintains a consistent behavior
across all gain levels due to the impedance being unchanged
regardless of the VGA binary code. Post-layout simulations
have been shown and required performances have been
reached. The phase shifter allows the chip to cover 180°, the
VGA brings the phase inversion to cover 360° thanks to the
innovative double bipolar based differential pair. It sweeps
16dB of gain by 0.5dB step. Phase resolution is better than
5.6°. The PA enables a saturation power of 24dBm at 27GHz.
Finally, the chip achieves 32.5% of PAEn.x and 14% of PAE
at 8dB of back-off. This beamformer achieves 21dBm of
OCP1, 33dB of maximum gain and 17dB of minimum gain.
The beamformer consumes 835mW at the saturation. The
layout has been finalized and the surface of the overall circuit
is 0.53mm? without pad. Even if these are simulated post-
layout performances, this work provides very encouraging
results regarding the state-of-the-art and its reconfigurability
makes it an ideal choice for future TX 5G beamformers.
Circuits manufacturing is planned for 2023.
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TABLE L STATE-OF-THE-ART
. 13]
T "(;ﬁ L‘gj’k [ Uzgf‘; C | prmrr2020 | crce
2021
. 45nm
Technology lgf’é‘:‘ 130nm SiGe 180nm SiGe CMOS
! Nol|
Frequency 26.2-
(GHz) 24.25-30.5 27-29 28-32 I
Beamforming .
architecture Analog Analog Analog Hybrid
*_
PAEma (%) 2533 | 22%@28GHz NA ég .
=
PAE@8dBBO 13-14 6*@28GHz NA 7 G%ig
Psut (ABm) 22-24 16-17% 25@29GHz 20-21%*
OP1dB (dBm) 21-22.6 13.5-15% 11-12/channel 18-20%
P hase(f)om“’l 360 360 180* 180*
Phase
resolution (°) <5.6 5@28GHz 5.6 1
RMS phase <28 0.8@28GHz NA NA
error (°)
Gatittmax (dB) 33 29-32 21@29GHz 22}%9
Gain control %
(dB) 16 8@28GHz 20 25
Gain resolution
(dB) 0.5 NA NA NA
Gain error (dB) <2dB 0.7@28GHz NA NA
*estimated from curves
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