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Abstract: A highly integrated multi-mode multi-band (MMMB) power amplifier module (PAM)
using hybrid bulk complementary metal oxide semiconductor (CMOS), gallium arsenide (GaAs)
heterojunction bipolar transistor (HBT), and silicon-on-insulator (SOI) technologies for low band (LB,
824-915 MHz) and high band (HB, 1710-1980 MHz) is proposed. The hybrid MMMB PAM integrates
a bulk CMOS controller die, a GaAs HBT power amplifier (PA) die and a SOI switch die on a six-layer
laminate. To simultaneously obtain both highly efficient and highly linear characteristics over a
wide range of input power levels, a parallel dual-chain PA strategy has been adopted to provide
vary bias current and gain for low-power mode (LPM) and high-power mode (HPM) operation.
Additionally, a broadband two-section low-pass output matching network design based on the
suppression of high-order harmonics is proposed for enhanced efficiency and linearity. In order
to achieve further miniaturization, a three-dimensional (3D) die stack multi-chip module (MCM)
packaging structure, where the presented CMOS controller die is stacked vertically on the GaAs HBT
PA die, is implemented. The measurement results show that the fabricated MMMB PAM achieves
26.1-27 dB of power gains and 38-38.4% of PAEs at an output power (Pout) of 28 dBm in the HPM,
and 20.4-20.9 dB of power gains and 12.4-13.8% of PAEs at Pout of 17 dBm in the LPM over LB. For
HB, power gains of 24.3-26.7 dB while maintaining PAEs of 38.2-39.9% at Pout of 28 dBm, and power
gains of 15.9-17.5 dB while maintaining PAEs of 12.3-12.8% at Pout of 17 dBm are realized in the
HPM and LPM, respectively. The fabricated PAM covering five frequency bands and operating at
two power modes only occupies a 5 x 3.5 mm? area. To the best of the authors’ knowledge, this
work is the first demonstration of a MMMB PAM adopting an ultra-compact 3D vertical stack MCM
package with favorable RF performance.

Keywords: power amplifier module (PAM); multi-mode multi-band; high efficiency; 3D vertical
stack; hybrid bulk CMOS/GaAs HBT/SOI; miniaturization

1. Introduction

As more and more mobile communication standards (2G/3G/4G/5G) are incorpo-
rated in modern cellular handsets, single-band power amplifiers (PA) are not suitable
anymore, which places multi-mode multi-band (MMMB) power amplifier modules (PAMs)
in an increasingly vital role in cramping multiple bands into a single radio frequency
(RF) front end to support the growing number of frequency bands for mobile device
applications [1-3].

Generally, a complete MMMB PAM consists of one PA controller for diverse control
levels, one or more PA blocks operating in multiple bands and one post-PA band-selected
switch to separate different bands. A common perception is that bulk silicon comple-
mentary metal oxide semiconductor (CMOS) is currently an extremely suitable integrated
circuit technology for high integration and low cost [4]. Thus, for the PA controller design,
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bulk CMOS is a cost-effective solution due to its ability to incorporate a massive number
of transistors on a single die. However, in the fields of the PA blocks, as the modulation
complexity and data rates increase in cellular communication, the high linearity and high
peak-to-average ratio requirements have limited the use of the bulk CMOS process due
to its inherently low power density and conductive substrate characteristics. To realize
acceptable RF performance, most of the currently available PAs for handsets employ gal-
lium arsenide (GaAs) heterojunction bipolar transistor (HBT) technology since it reveals
higher power density and better linearity characteristic over the bulk CMOS device in
high frequency [5-7]. Additionally, silicon-on-insulator (SOI) CMOS technology is more
desirable compared to the bulk CMOS in the RF switch design thanks to its insulating
substrate that lowers substrate losses and parasitic capacitances, and most importantly,
compatibility that is able to integrate the analogy circuitry [8,9]. All things considered, in
this article, we have implemented a handset MMMB PAM in hybrid bulk CMOS/GaAs
HBT /SOI technologies, where a bulk CMOS process is used for the PA controller design, a
GaAs HBT technology is utilized for the design of PA blocks and a SOI process is utilized
for the post-PA band-selected switch design.

Commercially cellular wideband PAs are required to operate with high efficiency
with high output power back-off regions. However, conventional PAs are designed to
operate with significant back-off for high linearity, thereby remarkably decreasing the
power efficiency [10]. To accommodate a higher data rate and extend battery life, many
strategies for efficiency improvement over a wide power range, i.e., envelope tracking
(ET) [11,12], envelope elimination and restoration (EER) [13], Doherty [14,15] and adap-
tive load [16,17]/bias [18,19] for high-efficiency linear PA have been investigated, but the
complexity and cost are critical drawbacks. Moreover, various output matching topologies
have been developed to meet the tough efficiency requirements at linear output power
levels across a broadband frequency range. By squaring the output voltage waveform via
the output network based on lumped-element resonators, Class-F/F~! [20,21] operation
can be achieved to provide excellent efficiency. Additionally, assisted by the capacitive
second-order harmonic frequency impedance, Class-J/ J71[22,23] loading networks exhibit
outstanding efficiency performance, but their complexity and cumbersomeness are major
obstacles for high-integration PAMs. In addition, it had been demonstrated that controlling
second- or higher-order harmonics helps to deliver high efficiency in the PA design [24-26].
In this work, to improve the power added efficiency (PAE) at power back-off while achiev-
ing multiband operation, a parallel dual-chain two-stage PA strategy for different power
modes is realized and a broadband output matching network (OMN) design based on the
suppression of high-order harmonics is proposed.

In addition to the requirement of multiband operation with higher efficiency, multi-
band operation with smaller size has lately been strongly expected for cellular PAMs.
Currently, a smart mobile device is capable of easily operating in more than 20 cellular
bands and other non-cellular wireless services, revealing the complexity inherent with
multiple RF chips operating and coexisting within a small physical volume. Thus, the
implementation of handset PAMs with small size has become extremely crucial. Although
the use of MMMB PAMs is highly beneficial to reduce the number of PAs and save size
area, most PAMs reported or released using traditional planar multi-chip module (MCM)
packaging structures still occupy large chip sizes [27-30]. Consequently, to achieve further
miniaturization, a novel three-dimensional (3D) die stack packaging structure instead of
a planar structure is adopted in our proposed PAMs, in which a presented bulk CMOS
controller die is stacked vertically on a GaAs HBT PA die to realize the requirement of size
reduction. To the best of the authors’” knowledge, this work is the first demonstration of a
MMMB PAM using a 3D vertical stack MCM package with superior RF performance for
mobile handset applications.
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2. Circuit Design
2.1. MMMB PAM Architecture

Figure 1 describes the simplified block diagram of the proposed MMMB PAM, which
integrates a GaAs HBT PA die, a SOI dual single-pole double-throw (SPDT)/single-pole
triple-throw (SP3T) switch die, a bulk CMOS controller die and multiple passive com-
ponents mounting on a multi-layer laminate substrate. The PAM adopts an improved
architecture to support penta-band cellular modulations. There are two PA blocks inside
the GaAs HBT die for the LB (824-915 MHz) and HB (1710-1980 MHz). Both LB and HB PA
blocks utilize a two-stage solution and are composed of a driver stage and a power stage.
Particularly, in contrast to the LB PA block, the HB PA block has two switchable driver
stages to separate the input signal.

VCC1 VCC2 Vbat V_EN Vmodel Vmode2 Vmode3

| G

( )} Bulk
GaAs HBT Controller “—1 Uik
die \ CMOS d|e
BN
: - High-band PA
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Power--H matching [ o HB_RFOUT1
> network e
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Output J_/
LB_RFIN © W @—P matching [— ° ° LB_RFOUT2
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Figure 1. Simplified block diagram of proposed multi-mode multi-band (MMMB) power amplifier
module (PAM).

2.2. GaAs HBT PA Design
2.2.1. Two-Stage Dual-Chain HBT PA Configuration

Typically, the efficiency of a PA decreases as the input power level decreases. At a
small power level, the operating points of a PA are lowered further away from its saturation
point, leading to severe PAE degradation [31,32]. In this work, to simultaneously achieve
both high efficiency and high linearity over a wide power range, a parallel two-stage dual-
chain strategy with a common input, medium and output matching network, illustrated
in Figure 2a, have been adopted to provide vary bias current and gain for low-power
mode (LPM) and high-power mode (HPM) operation. In the HPM, both the main-chain
and aided-chain amplifiers in the driver stage and power stage are activated with a high
quiescent operating point for a high gain, and a 1 dB compression point (P1dB) of 28 dBm
can be achieved. On the other hand, only the main-chain amplifiers are activated and the
aided-chain amplifiers in both driver and power stage are inactivated in the LPM, leading
to the drop down of the DC bias current resulted from the decrease in the emitter area, as
depicted in Figure 2b. Under the circumstances, the PA exhibits a low power gain and low
P1dB of 17 dBm, thus benefitting the efficiency improvement in the presence of a low input
power level. More importantly, the proposed two-stage dual-chain HBT PA strategy only
adopts a single common input, medium and output matching networks. Extra matching
networks or switching circuits that might degrade the performance and increase the chip
size are not required.
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Figure 2. Two-stage dual-chain heterojunction bipolar transistor (HBT) PA configuration: (a) parallel
dual-chain PA strategy with common matching networks; (b) load line characteristic for high-power
mode (HPM) and low-power mode (LPM).

2.2.2. Broadband Output Matching Technique

The design of the common input, inter-stage and output impendence matching
networks are of great importance due to their sensitivities to frequency and RF perfor-
mance [33]. In particular, the OMN design is most essential because it determines the
bandwidth, output power level and efficiency [34,35]. This work presents a novel broad-
band two-section low-pass matching technique, as shown in Figure 3, which is designed
to embed high-order harmonic manipulations for realizing harmonic suppression and
efficiency promotion for the LB and HB PA blocks. In Figure 3a, the LB output matching
circuit mainly contains 9 elements. At the fundamental frequency (o), L1o1, CLBo1, LLBo2
and Cp gy, form a second-order LC low-pass matching network, which plays the role of
transforming the 50 () to the optimum load impedance (Ropt ~ 3.5 )) at fo. The Cypo3 is a
DC blocking capacitor. The Cppyp and Ly pyso form the second-order harmonic frequency
(2fp) trap, so that the output network can obtain a short-circuit load at 2fy for realizing
Class-F operation. The voltage waveform at the collector of the power-stage transistor
exhibits sharper edges than sinusoid, lessening the overlay time between the voltage across
and the current flowing in the transistor, thereby reducing the power loss. Similar to
the LB, the HB output matching circuit is shown in Figure 3b. Considering the fact that
higher harmonics can be exploited to further minimize the time during which the transistor
maintains a large voltage and carries a large current, an additional tank consisting of Cyypp,
and Lypy, is added in the HB output matching network and is optimally designed between
twice and three times the fundamental frequency to further realize different termination
impedances for different harmonics, thereby improving the efficiency while sustaining
good linearity. Figure 4a,b show the optimum load impedance traces on Smith Charts for
both LB and HB.

Loz Chgo3

Ligoz Creo3

LHBot
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i Cgot Cuso2 Hezro T Crien ChHBot ChHBo2
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Figure 3. Output matching network for: (a) low band (LB); (b) high band (HB).
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Figure 4. Optimum load impedance traces for: (a) LB; (b) HB.

LiBo1, Lieaso, LBo1, Lup2so and Lyph in the output matching circuits are composed of
bond-wire inductance and laminate inductance. L gy, and Lyg, are laminate inductances,
and Ligo3, LLBoa, LHBos and Lypos are bond-wire inductances. The Cppogg, Chpzso and Cppn
with moderate capacitances, are placed on the HBT die. Six surface-mount devices (SMDs),
CrBo1, CLBo2, CLBo3, CHBo1, CHBo2 and Cypos, are used on the laminate to reduce the HBT
die size and obtain low loss.

2.2.3. Detailed Structure of Proposed MMMB PA

Figure 5 depicts the detailed schematic of the proposed two-stage dual-chain MMMB
PAs for both LB and HB. In the LB PA block, a same emitter area of 504 um? has been
employed for both main- and aided-chain amplifiers (Qppm1 and Qppa1) in the driver stage
and an identical emitter area of 3570 um? has been adopted for the dual-chain amplifiers in
the power stage (Qrpm2 and Qppa2). In the HB block, a two-stage strategy with a switchable
driver stage is presented for multiband operation. The inputs of the first and the second
driver stages are connected to HB_RFIN1 and HB_RFIN2, respectively, and the outputs of
both of them are connected to the input of the second power stage. The main- and aided-
chain amplifiers in the first driver stage (Qupim1 and Qppi1a1) have the same emitter area
of 336 um?, while for the second driver stage, (Qupam1 and Qpppa1) have the same emitter
area of 378 um? and the dual-chain amplifiers in the power stage (Qppm2 and Qpypa2) have
an identical emitter area of 1932 um?. In the HPM, a relatively high quiescent current of
approximately 60-70 mA is shown as both the dual-chain amplifiers in the driver stage and
power stage of both LB and HB PA blocks are activated. In the LPM, only the main-chain
amplifiers are enabled and the aided-chain amplifiers in both driver and power stage of the
LB and HB blocks are disabled, leading to a low quiescent current of approximately 30 mA.
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Figure 5. Detailed structure of proposed MMMB PA.

In view of the trade-off between efficiency and linearity, the proposed two-stage
dual-chain PAs in both LB and HB have Mid-Class AB operation for the driver stages and
Deep-Class AB operation for the power stages. However, the second-stage PA operating
with a low quiescent bias point and high-efficiency output matching design would lead to
gain expansion and lag phase shift, which in turn introduces severe nonlinear distortion
and reduces linearity. To compensate for the distortion, the first-stage PA is designed to
realize gain compression and lead phase shift by using appropriate matching networks
and higher quiescent current bias. As a result, the first and second stage complementarily
cancel the nonlinear components of AM-AM and AM-PM, thereby obtaining relatively flat
gain and phase characteristics and improving linearity.

A detailed description of the broadband OMN design is illustrated in Section 2.2.2. The
inter-stage matching network (ISMN) of the proposed work is carefully designed on chip
to transform the input impedance of the second stage to the optimal load impedance of the
first stage for achieving sufficient gain and output power capability. It can be observed in
Figure 5 that a single-section L-type matching structure including L; g¢; and Cypm1/CrLpm2
is used for the ISMN of the LB PA block, whereas the HB PA block adopts a two-section
L—type matching structure including LHBlCl /LHBZC1/ CHBer LHBmZ and CHBml /CHBmZ- The
LiBc1, Lapic1 and Lypyer consisting of bond-wire inductance and laminate inductance are
also used to feed DC voltage to the first-stage amplifier. The conjugate match design is
chosen for the input matching network (IMN) to realize maximum gain and minimum
reflection loss. The IMN for both LB and HB blocks is designed using a simple L-type
matching structure involving a series capacitor (Cypij1 /Cnpii1 /Crpei1) and a shunt inductor
(Ligi1/Lyp1i1/Liszi1)- To improve the stability, a small series resistor of 5-Ohm (Ryp;) and
8-Ohm (Ryp; and Rypp) for LB and HB PA blocks, respectively, is added before the base of
the first-stage transistor. The reason we did not employ the stabilized resistor in the second
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stage is due to its significant deterioration of efficiency and linearity. Eventually, linear bias
circuits are employed to the overall circuit.

2.3. SOI Switch Design

Figure 6a illustrates the 0.18 um SOI switch controller structure, where the voltage
regulator consisting of a bandgap and low dropout regulator (LDO) is used to provide
a stable positive voltage of +2.5 V, the charge pump is employed to generate a negative
voltage of —2.5 V and the level shifters are utilized to switch the voltage level from +2.5/0 V
to +2.5/—2.5 'V for the gate bias of the switch-FETs in the on and off states, respectively.
Figure 6b shows the detailed RF-core configuration of the presented SOI switch, which
comprises a SPDT configuration for LB and a SP3T configuration for HB. The saturated
output power of the PA is better than 28 dBm. In order not to limit the linearity of the PA,
eight stacking transistors are employed for both series and shunt arms to handle a power
level up to 31 dBm with a voltage standing wave ratio (VSWR) as high as 5:1. The device
peripheries in series and shunt arms are set to 3000 and 500 um, respectively, with the
given stack height to support the IL and isolation requirements. Switching is controlled by
two logic voltages, VC1 and VC2, from the bulk CMOS controller. Depending on the VDD
and logic voltage level, the LBin signal is connected to one of two switched RF outputs
(LB_RFOUT1 or LB_RFOUT?2), while the HBin signal is simultaneously switched to one of
three RF outputs (HB_RFOUT1, HB_RFOUT2 or HB_RFOUTS3).

VC1 VC2 Ros Ros Ros Ros Ros Ros

T T HB_RFOUTL Meiss Mee1 M1 }'MHB& HB_RFOUT2 T Mue Mueef HB_RFOUT3
Re R Re Re Rs Re R Ra Re
Ros Ros Ros
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N S| |_pump filter ! | shifters V3 sht s
Negative voltage generator __ | > ¢
(a) (b)

Figure 6. Silicon-on-insulator (SOI) dual single-pole double-throw (SPDT)/single-pole triple-throw
(SP3T) switch: (a) block diagram; (b) detailed structure of RF switch core.

2.4. Bulk CMOS Controller Design

To ensure that the power gain of the power amplifier is constant under different
ambient temperatures, different transmit powers and different operating voltages, the
output voltage of the PA controller is required to have a deviation of less than 50 mV at
room temperature. Figure 7a reveals the proposed controller structure based on a 0.18 pm
bulk CMOS technology, which consists of a logic circuitry, a bandgap reference source
(BGR) and multiple low dropout linear regulators (LDOs) and a buffer. The logic circuitry
converts the logic control signal to the internal supply voltage and decodes it into the
control signal for the subsequent BGR and the SOI switch through a buffer. The BGR is
used to provide voltage reference and current bias for the subsequent LDOs. The LDOs aim
to offer suitable bias regular voltages for the HBT PA. Since the CMOS controller is required
to provide voltage biases with a specific temperature coefficient for the HBT PA, the output
voltages of the CMOS controller are designed to have a negative temperature coefficient
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to compensate for the negative temperature coefficient of the triode base-emitter voltage.
Figure 7b plots the temperature drift curse of Vrefl (one of the controller output voltages).
It can be calculated that the average voltage is 2.89 V and the temperature coefficient is
approximately —370 ppm/°C.

3.00 -
Decoder Buffer VDD; 205 ]
VCC1 O0— _Do_ =N VC1 SOl 256 ]
”| switch R
VCC2 O— D_ VCZ‘ 204 Tom
LBEN 0— — " g 2o
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= 2.8 - .
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Vmode20— N . HBT voa .
Vmode30— LDOs I Vre.flo PA 282 ]
Bandgap CMOS COﬂtI’O”EI" z.ao_zo 40 0 10 20 30 40 50 60 70 80
Temperature(°C)
(a) (b)

Figure 7. Proposed bulk CMOS controller: (a) block diagram; (b) temperature drift curse of output
power.

2.5. Laminate Design

A MMMB PAM generally uses a MCM package structure where the laminate design is
extremely essential as it contributes to the efficient interconnection of multiple dies and
SMDs, thereby reducing assembling loss and achieving high performance. As shown in
Figure 8a, a multiband PAM typically uses a conventional planer MCM packaging structure,
where multi-functional dies are directly mounted on a laminate. To achieve smaller size
and realize further miniaturization, a novel 3D die stack packaging structure instead of a
planar structure is adopted in our proposed PAMs, as shown in Figure 8b, in which the PA
controller die is stacked vertically on the PA-core die to realize size reduction.

Post-PA Post-PA
switch die switch die
PA core die
PA controller
PA controller die
die -
PA core die
Laminate Laminate
(a) (b)

Figure 8. Multi-chip module (MCM) package structure for MMMB PAM: (a) conventional planner
package; (b) three-dimensional (3D) vertical stack package.

Figure 9a exhibits the laminate designed in this work. Note that the SOI die and
the GaAs HBT die are mounted directly on the laminate, whereas the bulk CMOS die is
3D-stacked vertically on the GaAs HBT die to save physical volume. Golden bond wires are
used to form electrical connections between the laminate and different dies. In particular,
the transmission of regular voltage signals (Vief1, Ve, - -+ » Vref1o) are directly realized
via the bond wires between the CMOS die and the GaAs die. Similarly, the transmission
of controller signals (VDD, VC1 and VC2) are directly implemented through the bond
wires between the CMOS die and the SOI die. Additionally, as described in Figure 4 above,
several matching transmission lines and capacitors (Cypo1, CrLpo2, CHBo1 and Cypop) of
the LB and HB PA OMN:s are designed on the laminate to achieve lower loss and better
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efficiency for broadband operation. As depicted in Figure 9b, the proposed laminate is
based on a multilayered structure containing six copper metal layers (M1, M2, ... , M6)
with the same thickness of 23 um and five epoxy dielectric layers (D1, D2, ... , D5) with the
same relative dielectric constant (¢;) of 4.3. The thickness of the D3 layer is 80 um while the
rest (D1, D2, D4 and D5) are of the same thickness of 30 um. To investigate all the parasitic
coupling effects and enhance the design accuracy, the electromagnetic (EM) simulation for
the proposed laminate, including the output matching elements and all RF signal bonding
wires, is carried out.

SMO,

e e RF input PADs |8
—‘—'-‘n- -
cmos  RIEE

controller

80pm D3 " ema3

(a) (b)

Figure 9. Proposed laminate design: (a) 3D view on which bulk CMOS/GaAs HBT/SOI dies
assembled with bonding wires; (b) cross section of layer structure.

3. Measurement Results and Discussion

Figure 10 shows the complete microphotograph of the proposed MMMB PAM that
integrates the designed GaAs HBT PA die, SOI switch die and bulk CMOS controller die
on the implemented laminate using a MCM package. To achieve further miniaturization,
the CMOS controller die is 3D stacked vertically on the HBT PA die. Thus, an entire chip
size as small as 5 x 3.5 mm? is realized for the proposed PAM, where the die sizes of the
HBT PA, SOI switch and CMOS controller are 1.45 x 1.05 mm?2, 1.3 x 0.7 mm?2 and 0.84 x
0.44 mm?, respectively.

s3controller - €Y

GaAs HBT PA MCM

SOI dual

o]
SPDT/SP3iF switeh - SPDT/SP3T

switch

Figure 10. Microphotograph of proposed MMMB PAM with hybrid bulk CMOS/GaAs HBT/SOI
technologies in 3D vertical stack MCM package.

On-evaluation-board small-signal and large-signal measurements were carried out for
the broadband PAM under 3.4 V of power supplies (VCC1, VCC2 and Vbat) and 1.8 V of
control logics (V_EN, Vmodel, Vmode2 and Vmode3). Figure 11a depicts the small-signal
S-parameter and stability factors (k and b) experiment setup using a Keysight E5071C
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network analyzer and RIGOL DP832A DC power supply, and Figure 11b illustrates the
large-signal parameter measurement setup with a Keysight N5182B vector signal generator,
Keysight N9020A signal analyzer and RIGOL DP832A DC power supply.

Vector signal ;

Network analyzer generat%r Signal analyzer
Keysight E5071C Keysight N51828 | | K€YSIghtN9020A
10 02 ©)

RFin RFout
DUT DUT
proposed PAM proposed PAM
VCC/Vbat/Vlogic VCC/Vbat/Vlogic

DC power supply DC power supply

RIGOL DP832A RIGOL DP832A
(a) (b)

Figure 11. Measurement setup of proposed MMM PAM: (a) small-signal; (b) large-signal.

Figure 12 shows the measured S-parameters of the proposed MMMB PA in both HPM
and LPM for the LB and HB. It can be seen in Figure 12a that small-signal power gains (521)
varying from 27.5-27.8 dB and 19.7-20.9 dB are obtained in the HPM and LPM, respectively,
over the frequency range from 824 to 915 MHz for the LB. In both modes, input return loss
(IRL) of better than —9 dB are achieved. As shown in Figure 12b, the HB PA delivers 521
ranging from 28-30 dB and 16-19 dB in the HPM and LPM, respectively, with IRLs of better
than —9 dB for 1710 to 1980 MHz frequency range. Additionally, it can be noted in the HPM
that with the use of the proposed broadband output matching technique, the differences of
output power between the fundamental and the second-/third-order harmonic frequencies
are as large as approximately 45/60 dB and 60/60 dB for the LB and HB, respectively.

40 - —--511in HPM 40- 7
- ---822in HPM —---811inHPM
30 —— 521 in HPM T §22in HRM
20 —.--811in LPM 20 ——s21in HPM
----522in LPM —--S11inLPM
104 ——S21in LPM 104 -~ NN $22in LPM
o ——321inLPM
T Oyl LoN\oooms g 9 oo
g - e s e ety A A ¥ AP N e
= =10 - 5 -104
£ g
g -20- E -20-
o -
E -30 S .30
w
@ .40 - -40 -
-50 4 -50
-60 4 -60
-70 T T T . T , -70

T T T T T T T T T T T T T 1
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 00 05 10 15 20 25 3.0 35 40 45 50 55 6.0

Freq {GHz)} Freq (GHz)
(a) (b)

Figure 12. Measured small-signal S-parameters in the HPM and LPM: (a) LB; (b) HB.

Figure 13a,b reveal the measured stability factor k and b of the proposed MMMB PA
in both HPM and LPM for the LB and HB, respectively. The k and b of greater than 1 and
0, respectively, are achieved over a wide frequency band of interest, which verified the
proposed PAM is in an absolutely stable operation.
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Figure 13. Measured stability k and b in the HPM and LPM: (a) LB; (b) HB.

The measured power gain as a function of output power (Pout) in both HPM and
LPM for the LB (at 824 and 915 MHz) and HB (at 1710, 1850 and 1980 MHz) are plotted
in Figure 14a,b, respectively. On the one hand, the LB PA achieves a large-signal power
gain of 26.1-27 dB/20.4-20.9 dB with P14 of >28 dBm/>17 dBm in the HPM/LPM. On
the other hand, the HB PA reveals a power gain of 24.3-26.7 dB/15.9-17.5 dB with P14p
of >28 dBm/>17 dBm in the HPM/LPM. Both LB and HB PA blocks exhibit a 6-8 dB
superior power gain in the HPM than that in the LPM since the aided-chain amplifiers are

disactivated in the LPM.
51 e g2amhz 457 e 1710MHz
40 4 915MHz a0 —° 1850MHz
] A 1980MHz
354 35 |
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" 2 2 =T
E 25 | a- 254 A A A S AAy
z i)
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5 5]
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Pout (dBm) Pout (dBm)
(a) (b)

Figure 14. Measured gain in the HPM and LPM: (a) LB; (b) HB.

Figure 15a,b present the measured PAE as a function of output power (Pout) in both
HPM and LPM for the LB and HB PA blocks, respectively. The PAEs of as high as 38-38.4%
at a Pout of 28 dBm in the HPM and of 12.4-13.8% at a Pout of 17 dBm in the LPM are
obtained in the LB PA block at 824 and 915 MHz, while the HB block shows PAEs of
38.2-39.9% at a Pout of 28 dBm in the HPM and of 12.3-12.8% at a Pout of 17 dBm in the
LPM at 1710, 1850 and 1980 MHz. Since only 4-5% PAE are achieved at the Pout of 17 dBm
in the HPM, both LB and HB PA blocks exhibit approximately 7-8% better PAEs in the LPM
than in the HPM. Thus, the measurement results demonstrate that the dual power mode
architecture can effectively improve the efficiency of the proposed PAM at power back off.



Micromachines 2022, 13, 1976

12 0f 15

PAE (%)

45 -

35

30 4

25 -

20

154

45 -

—=— 824MHz = 1710MHz
40] 4 915MHz a0 —* 1850MHz .
{ 4 1980MHz H
* . |
HPM & 354 HPM &
t 30 i
A [ §
" = 25-
= ;
A w 29 A
- o
3
LA A 15 -|
10 LPM s 104 LPM 'y
s .
t s
54 r 54
0 T T - - : . ; . . 0 T T T T T T T T ]
10 12 14 16 18 20 22 24 26 28 10 12 14 16 18 20 22 24 26 28
Pout (dBm) Pout (dBm)
(a) (b)

Figure 15. Measured PAE in the HPM and LPM: (a) LB; (b) HB.

The main measured RF performances, especially linearity characteristics, of the pro-
posed MMMB PAM are summarized in Table 1. Benefitting from the broadband output
matching design, the LB and HB PA blocks show a output third-order intercept point
(OIP3) of >40.5/>41.8 dBm, and 2nd-/3rd-order harmonic suppression of <—37/<—54 dBc
and <—38/<—50 dBc, respectively, in both power modes. The measured adjacent chan-
nel leakage ratios (ACLRs) of the proposed PAM under different modulated signals are
compared. Measured with WCMDA mode with 5/10 MHz offset, the LB PA at both 824
and 915 MHz generates ACLR-5/ACLR-10 of <—38.2/<—52 dBc for the HPM under Pout
of 28 dBm and <—40/<—59.1 dBc for the LPM under Pout of 17 dBm, while the HB one
exhibits ACLR-5/ACLR-10 of <—35.9/<—51.8 and <—36.6/<—52.2 dBc for the HPM and
LPM, respectively, at 1710, 1850 and 1980 MHz under the same conditions. Furthermore,
the PAM in LTE mode shows ACLRg ytra of <—33.5 dBc and ACLRytra of <—33.2 dBc
for both power modes in both bands.

Table 1. Measured performance summary of proposed MMMB PAM.

Band Freq. Pout Gain PAE oI1P3 H2 H3 ACLR-51 ACLR-102  ACLRg ytra® ACLRyrga 4

(MHz) (dBm) (dB) (%) (dBm)  (dBo) (dBc) (dBc) (dBc) (dBc) (dBc)

- 28 27 38 40.6 —38.2 —61 —39.6 —52.8 —34.5 —-35
17 20.4 12.4 42.7 —372 574 —40 —60.2 —36.5 —35.5

LB

015 28 26.1 38.4 40.5 —-371  —558 —38.2 —52 —34.6 —34.6
17 20.9 13.8 41.8 —38.8 —54 —42.7 —59.1 —37 —35.2
1710 28 26.4 38.7 40.5 —433 =592 —37.5 —52.3 —335 —34.4

17 15.9 12.3 422 —387  —545 —38.3 —522 —35 —35
HB 1850 28 26.7 39.9 428 —456  —65.4 —40 —54.1 —34.6 —35.6
17 17.2 12.6 437 —423 517 —40.7 —54.2 —36.5 —36.2
1980 28 24.3 38.2 41.4 —422 —50 —35.9 —51.8 —33.5 —33.2
17 17.5 12.8 418 -39.7  —511 —36.6 —54.9 —34.6 —34.5

! ACLR for WCDMA mode with 5 MHz offset; > ACLR for WCDMA mode with 10 MHz offset; * ACLR for LTE
mode with the specification of E-UTRA; * ACLR for LTE mode with the specification of UTRA.

The performance comparison between this work and previous reported results is listed
in Table 2. It can be observed that the proposed hybrid CMOS/HBT/SOI PAM exhibits
the comparable performance over other state-of-the-art reported PAMs. Particularly, with
the use of the 3D vertical stack MCM package strategy, the proposed PAM covering five
frequency bands and operating at two power modes only occupies a 5 x 3.5 mm? area,
which achieves the smallest chip size compared to the published work in Table 2. To the

best of the authors” knowledge, this work is the first demonstration of a MMMB PAM
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using 3D vertical stack MCM package to achieve extremely small size with favorable RF
performance.

Table 2. Performance comparison between this work and previous reported studies.

Reference This Work [27] [28] [29] [30]
Band Mode Freq. (MHz) 824 915 824 915 824 915 824 915 824 915
Pout (dBm) 28 28 28 28 28 28 33 33 28.2 282
HPM Gain (dB) 27 26.1 28.4 28.6 >26 >27 39.5 37 28.4 28.1
PAE (%) 38 38.4 39 40.1 40.1-41.1 >35 >35 43 432
LB
Pout (dBm) 17 17 17 17 16 16 - - 16 16
LPM Gain (dB) 20.4 20.9 18.5 16.8 15 >17 - - >17 >16
PAE (%) 12.4 13.8 15.8 14.8 >16 >16 - - 14.5 14.5
Freq. (MHz) 1710 1850 1980 1850 1980 1710 1850 1980 1710 1810 1910 1710 1850 1910
Pout (dBm) 28 28 28 28 28 28 28 28 30.5 30.5 30.5 27.5 285 28
HPM Gain (dB) 26.4 26.7 24.3 31.2 30.7 >235 >235  >26 35.5 355 35 28.2 26.6 278
PAE (%) 38.7 39.9 382 34.9 35.1 40.1-41.1 >33 >33 >33 38.5 407 39
HB
Pout (dBm) 17 17 17 17.5 17.5 16 16 16 - - - 16 16 16
LPM Gain (dB) 15.9 17.2 17.5 19.1 19.1 >175 >175 >185 - - - >17 >17 >17
PAE (%) 12.3 12.6 12.8 15.4 15.1 >24 >24 >24 - - - 145 145 145
Technology Hybrid CMOS/HBT/SOI ~ Hybrid CMOS/HBT HBT Hybrid CMOS/HBT/SOI HBT
Package 3D stack MCM Planar MCM Planar MCM Planar MCM Planar MCM
Size (mm?) 5x35 5x55 5x7 5x5 5x6

4. Conclusions

A fully integrated MMMB PAM with one bulk CMOS die, one GaAs HBT die and
one switch die on a six-layer laminate has been developed for mobile handset applications.
On the one hand, by using a parallel dual-chain two-stage PA strategy with broadband
matching technique, the PAM is qualified for operating at two power modes for different
power levels in both LB and HB, thereby improving back-off efficiency with multiband
operation. The implemented PAM delivers sufficient output power and exhibits PAEs as
high as 38-39.9% for HPM and 12.4-13.8% for LPM. On the other hand, the ultra-compact
3D vertical stack MCM package structure in which the CMOS die is 3D stacked vertically on
the HBT die contributes significantly to chip size reduction. The fabricated PAM covering
five frequency bands only occupies a 5 x 3.5 mm? chip size. It is a demonstration that the
PAM, with its related design and package techniques, is capable of meeting the stringent
requirements of modern mobile communication systems. The proposed wideband high-
efficiency PAM can be a new practical solution to the realization of MMMB cellular handsets
with smaller chip size.
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