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ABSTRACT This paper presents a 2.8-3.8 GHz broadband 2-stage fully differential Doherty power amplifier
using direct interstage power division based on a 2-um InGaP/GaAs HBT process for 5G new radio handset
applications. A compact transformer-less interstage network is proposed for direct power division for carrier
and peaking amplifiers. The power division ratio at the interstage is designed to dynamically vary according
to the input power level to provide higher power gain and desired load impedance modulation. By utilizing
the non-linear input reactance of the peaking amplifier, broadband dynamic power division circuits were
designed for an operating frequency band of as broad as 1 GHz. In addition, active bias circuits for the peaking
amplifier were optimized to have sufficient gain expansion, so that the overall AM-AM characteristics is
as flat as possible. A broadband load modulation network using one transformer and two quarter-wave
transmission lines is proposed. For the off-chip output transformer, impedance trajectory for the wide band
impedance matching is presented using a T-equivalent circuit of the transformer. The self-inductance ratio of
the transformer is optimized to maximize the bandwidth. Using the 5G new radio uplink signal with a signal
bandwidth of 100 MHz, the implemented Doherty PA IC exhibited a power gain of 31.9 to 38.4 dB, PAE
of 22.0 to 30.6%, and average output power of 26.0 to 27.8 dBm at a given ACLR of —33.0 dBc without
pre-distortion.

INDEX TERMS InGaP/GaAs HBT, Doherty power amplifier, differential power amplifier, direct power
division, transformer-less interstage, 5SG new radio.

I. INTRODUCTION the signal bandwidth, the more difficult it is to design the sup-

To improve the efficiency of power amplifiers (PAs) for
mobile handsets, supply modulation techniques have been
widely used [1], [2], [3], [4]. The upcoming 5G new radio
(NR) has higher data rates due to the increased signal band-
width and modulation index. The modulated signal for the 5G
NR has a signal bandwidth of more than 100 MHz. The wider
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ply modulator for the envelope tracking method. In addition
to the supply modulation techniques, several methods, such as
harmonic control [5], [6], phase linearization [7], and stacked
power cell methods [8], [9], have been reported to improve
the performances of the PAs.

As the operating frequency increases, the performances
can be further degraded due to the increased degeneration
effect at the source of the transistor especially for the single-
ended structure. To mitigate this source degeneration effect

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

25879


https://orcid.org/0000-0002-1815-6666
https://orcid.org/0000-0003-4790-0156
https://orcid.org/0000-0003-1223-3701
https://orcid.org/0000-0002-8074-1137
https://orcid.org/0000-0001-9777-6953
https://orcid.org/0000-0003-3463-0687
https://orcid.org/0000-0002-7827-5448

IEEE Access

H. Oh et al.: Broadband InGaP/GaAs HBT Doherty Power Amplifier IC Using Direct Interstage Power Division

and to increase the optimum load impedance, a differential
structure can be used to take an advantage of its virtual
ground [10], [11].

To further improve the back-off efficiency, Doherty
PA IC’s with improved efficiency at an average power
level using the load impedance modulation have been
reported [12], [13], [14], [15], [16], [17], [18], [19]. In [13],
bandwidth limiting factors of the Doherty PA was analysed.
Accordingly, Q factors of the A/4 line and the post matching
network at the load network were balanced to extend the
bandwidth. In [14], asymmetric power cells for carrier and
peaking amplifiers with uneven Wilkinson power divider
were adopted for better load modulation. The Doherty PAs
in [12], [13], and [14] consist of single-ended carrier and
peaking amplifiers that are required to have very low opti-
mum load impedance (about a few 2) for the peak power
level of 2-3 W with the supply voltage of about 3.0-4.8 V.
Low optimum impedance can limit the bandwidth of the load
modulation network (LMN) of the Doherty PAs. In [15],
a Doherty PA based on a parallel plate coupler was proposed.
However, it has a 3-section off-chip post matching network
which makes the PA module bulky.

Compared to the Class-AB PAs, Doherty PAs generally
have relatively lower power gain of up to 3 dB. Low gain
degrades the power-added efficiency (PAE), and increases
the burden of the driver PA. In [16], a differential struc-
ture was adopted for the carrier and peaking amplifiers.
The power cell of each amplifier has increased optimum
load impedance which can result in the wider bandwidth
and lower loss of the load network. However, two off-chip
transformers (TFs) are required to design the load network,
which can make the module bulkier. A fully differential
two-stage Doherty PA was proposed using differential pairs
for both carrier and peaking amplifiers and two TFs for the
interstage network [17]. Drive amplifiers are also based on a
differential pair. Thus, the input network should be designed
with a single-ended to double-differential TF or two TFs
followed by a quadrature hybrid. However, those topologies
require complex and bulky circuits for the input and interstage
networks.

To divide the input power into the carrier and peaking
amplifier paths in more compact form without a power
divider, a direct input dividing method was proposed in [18]
and [19] for a single-ended Doherty PA for a narrow fre-
quency band. As the frequency band and bandwidth for the
5G systems are increased, research on broadband and a com-
pact power dividing method for the differential Doherty PA
becomes more and more important. In this paper, a broadband
Doherty PA IC for 5G NR handsets, which was partially
presented in [20], is proposed with a new compact differential
two-stage structure. Both carrier and peaking amplifiers for
the main stage are configured as differential, while only
one differential drive stage is employed. Broadband load
modulation network is designed using one off-chip TF and
two quarter-wave transmission lines for the bandwidth of as
broad as 1 GHz. Compared to the conventional impedance
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trajectory for a T-equivalent circuit of the TF, the trajectory
of the proposed TF has a lower Q to have wider operating
bandwidth. The self-inductance ratio of the primary and sec-
ondary turns is optimized to lower the Q for the broadband
design.

For the differential drive stage, a direct interstage power
dividing network without TF was designed to dynamically
supply power to the carrier and peaking amplifiers. In addi-
tion, the interstage network supports dynamic power divid-
ing ratio (PDR) between the carrier and peaking amplifiers
according to the input power by utilizing the non-linear input
reactance of the Class-C peaking amplifier. At a low power
level, the PDR becomes high to drive more power to the
carrier amplifier to mitigate power gain degradation. As the
power level increases, the PDR is designed to be gradually
reduced to have a desired load modulation operation by
suppling more power to the peaking amplifier. The input
admittances of both amplifiers are elaborately matched by the
interstage network for 1 GHz operating bandwidth based on
the constant conductance circles on the Smith chart. By uti-
lizing this dynamic variation of the PDR, the AM-AM char-
acteristics can be flattened, together with high gain expansion
of the peaking amplifier.

The proposed broadband Doherty PA IC was implemented
using a 2-um InGaP/GaAs HBT process, and evaluated
as a module using a laminate PCB. The design procedure
of the proposed direct power division circuit at the inter-
stage and the LMN are presented in detail. The proposed
methods are verified using the simulated and measured per-
formances in comparison to the previous state-of-the art
configurations.

Il. BROADBAND DOHERTY PA WITH DIRECT POWER
DIVISION AT THE INTERSTAGE

A. FULLY DIFFERENTIAL DOHERTY PA

Fig. 1 shows three structures of the fully differential two-stage
Doherty PAs. Fig. 1(a) shows a conventional structure that has
two drive amplifiers for the carrier and peaking amplifiers.
Most of the previous two-stage differential Doherty PAs has
this structure [17], [30], [31], [32]. Thus, the interstage net-
work requires two TFs, such as TFy . and TFj, . Offset
lines to compensate for the phase difference between the
carrier and the peaking path can be deployed at the input
of the drive stage of the peaking amplifier. Load impedances
of the carrier and peaking amplifiers are modulated by LMN.
Three TFs including a single-to-double differential TF should
be used at the input and interstage, which could make the cir-
cuit bulkier. However, the overall performance of the Doherty
PA can be further optimized by setting the biases of the two
drive amplifiers differently [21]. Fig. 1(b) shows a simplified
structure that has only one differential drive amplifier and
fully differential carrier and peaking amplifiers. This struc-
ture is proposed in this work but is not a final form. It requires
one input TF and one differential-to-double differential TF.
An offset line is inserted at the input of the peaking amplifier.
Since there is one drive stage for both carrier and peaking
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FIGURE 1. Structures of the fully differential 2-stage Doherty PAs:

(a) using two drive amplifiers, (b) using one drive amplifier with
interstage TFs, and (c) using one drive amplifier with direct interstage
power division (proposed).

amplifiers, no separate bias tunability for the driver stage is
available.

The proposed structure shown in Fig. 1(b) can be further
simplified by applying the direct interstage power division
method. Fig. 1(c) shows a new structure of the fully dif-
ferential Doherty PA proposed in this work using the direct
interstage power division method with no TF at the inter-
stage. Instead of using TFs, relatively compact matching
networks for the inputs of the carrier and peaking amplifiers
are applied. The output current of the drive stage is directly
divided according to the input impedances of the carrier
and peaking amplifiers. Since the impedance of the Class-C
peaking amplifier varies more dynamically according to the
input power level, the PDR can be changed as well. The
next sub-section explains how to design the circuit to take
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TABLE 1. Comparison of the features for fully differential Doherty PAs.

Features (a) (b) (c)
Number of drive amplifier ) | 1
(differential)
Number of TF at the 3 3 I

input and interstage

Seperate bias tuning at
the drive stage
Dynamic PDR No No Yes

advantage of the dynamic PDR. The features of three fully
differential Doherty PA structures are summarized and com-
pared in Table 1.

Fig. 2(a) shows a schematic of the proposed Doherty
PA, showing all components, including parasitic capacitors
(Cour)- The input transformer (7Fj,) is integrated on a chip
and was designed using vertical coupling of two metal layers.
It matches the input impedance of 9-j5 © with a simulated
insertion loss of about 1.0-1.2 dB through the frequency
band of 2.8-3.8 GHz. Using the interstage circuits based
on series capacitors and shunt inductors, the power out-
put of the drive amplifier is directly divided according to
the input impedances of the carrier and peaking amplifiers.
A 30 2 quarter-wave line designed using a C-L-C structure
is inserted at the input of the peaking amplifier for phase
compensation. For the compact LMN, an output balun using
a TF and two quarter-wave networks are used to provide
load impedance modulation. A cross-coupled capacitor is
added to the drive stage for higher gain. Parallel compo-
nents connected to the same node can be merged to simplify
the circuits. Fig. 2(b) shows a schematic of the proposed
Doherty PA after circuit simplification. At the interstage,
four shunt capacitors are merged, and are expressed as Ci1 -
Additionally, two shunt inductors and two shunt capacitors
are merged, and are expressed as Liy2. Liys3 at the low side
supplies V.1, while L3 at the high side is grounded using
Cpyp- At the collector of the carrier amplifier, a shunt capac-
itor including the parasitic capacitor (C,,1) is expressed as
C.. At the collector of the peaking amplifier, five capac-
itors including C,,;» are merged into just one capacitor
of Cp,.

B. GAIN EXPANSION AND DYNAMIC PDR

The Doherty PA has a relatively complicated mechanism for
its AM-AM characteristics. For the low power level, since
the peaking amplifier becomes relatively off, the AM-AM
characteristics is mainly determined by the PDR at the input
of the Doherty PA and the gain of the carrier amplifier.
For the peak power level, the gain of the peaking amplifier
additionally affects the AM-AM characteristics. PDR in this
paper is defined as follows.

P,
PDR = —, (H
PP
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FIGURE 2. Schematics of the proposed Doherty PA (a) before, and (b) after circuit simplification.

where P. and P, are the input powers to the carrier and
peaking amplifiers, respectively.

Fig. 3 shows a schematic of the active bias circuits for
the carrier and peaking amplifiers. For PAs based on bipolar
transistors, active bias circuits are required to supply cur-
rent (Ipc, Ipp) to the base of the transistor, which affect
RF performances. As the input RF power is changed, the
DC current supplied from the bias circuits is also changed.
The large signal operation is changed according to the DC
current change as well. To simultaneously optimize the effi-
ciency and linearity of the Doherty PA, the large signal
characteristics of the carrier and peaking amplifiers should
be differently optimized. The carrier amplifier needs to have
linear operation with flat AM-AM characteristics until the
peaking amplifier is turned on. On the other hand, the peaking
amplifier is basically biased to have deep Class-C opera-
tion, which gives very low power gain, especially at the low
power level. Therefore, as the input power increases, the
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gain expansion of the peaking amplifier should be high to
maintain the overall AM-AM response of the Doherty PA to
be as flat as possible. Hence, Ry, and V., in the active
bias circuits of the peaking amplifier are mainly optimized
to provide as much high gain expansion characteristics as
required.

Fig. 4(a) shows constant versus dynamic PDR according
to the power level. A constant PDR (almost 1 or 0 dB) is
obtained using an even power divider at the input of the main
Doherty PA. The dynamic PDR is obtained from the design
with direct interstage power division, which is presented in
detail the next sub-section. Since the PDR varies gradually
from about 3 dB to 1 dB for the dynamic PDR, higher gain
can be achieved by supplying more power into the carrier
amplifier at the low output power region. Since the PDR
is still about 1 dB for the peak power level, the peaking
amplifier should have high power gain at the peak power level
to maintain flat AM-AM characteristics [22]. High power
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FIGURE 3. Schematic of the active bias circuits for the carrier and peaking
amplifiers.

gain at the peak power level can be obtained by high gain
expansion characteristics for Class-C amplifiers.

Fig. 4(b) shows the simulated gain and PAE for the main
stage of the Doherty PA at 3.3 GHz with four cases with
different bias resistor (Rp ;) values, bias points (V. ), and
PDR conditions for the peaking amplifier. Ry and V,er .
are fixed at 52.5 © and 2.8 V, respectively, while Cp, is
fixed as 2.7 pF. Fig. 4(b) shows the simulated gain of each
carrier and peaking amplifier with four different cases. For
case 1, bias resistors (Rp, ;, and R, ) of the carrier and peaking
amplifiers are the same as 52.5 €2, and even power dividing
with a constant PDR of about 0 dB is applied. The AM-AM
characteristics is degraded due to the low gain of the peaking
amplifier. For case 2, Vs , of the peaking amplifier can
be increased to increase the gain and to keep the AM-AM
characteristics as flat as possible, which results in efficiency
degradation at the back-off. To resolve this trade-off, the gain
of the peaking amplifier can be expanded more according to
the output power level by reducing Ry, without increasing
Vrer,p as shown in case 3. In this case, higher efficiency
can be obtained even with very flat AM-AM characteristics
compared to case 1. For case 4, the dynamic PDR scheme
is additionally applied to have higher power gain. To make
the AM-AM characteristics flat with the increased low power
gain, Vs p should be a little increased for the peaking ampli-
fier to have higher power gain at the high power level than
that of case 3. From Fig. 4, it can be known that the dynamic
PDR and an appropriate level of power gain expansion of the
peaking amplifier can increase the overall power gain, and
can flatten the AM-AM characteristics of the Doherty PA.

C. DIRECT INTERSTAGE POWER DIVISION FOR DYNAMIC
PDR

Fig. 5 shows the schematic for the interstage and simulated
impedance matching trajectories of the carrier amplifier in (b)
and the peaking amplifier in (c). Zp . and Z; ; are the input
impedances of the carrier and peaking amplifiers, respec-
tively. According to the input power levels, Z;, , significantly
varies due to the strongly non-linear input capacitance of the

VOLUME 11, 2023

21 80
—v— Case1l: Rpp=52.5 Q, V,er,=1.65 V, constant PDR
—e— Case2: Rpp=52.5 Q, Vier,=1.95 V, constant PDR
—A— Case3: Ry ;=12.5 Q, Vier,=1.65 V, constant PDR
18 N Cased: Rop=12.5 Q, Vyerp=2.05 V, dynamic PDR [| 64
_ V-
@ 15 x’l;’”ﬁ {148 5
c V¥ o IS
- ):') <
c ;s w
‘® & <
o 12 - 132 o
-9-9-9 3—‘*"&"‘;&4*
l-9-0-9-0-0-9-0-9 e A,
b2 VVV QA
9t 4 e 116
A v
b
e
e
6 «iﬁf—""“{ 1 1 1 Il 0
10 15 20 25 30 35 40
Output power (dBm)
(@
20
—v— Case1: Rpp=52.5 Q, V(er,=1.65 V, constant PDR
—e— Case2: R, ;=52.5 Q, Vyerp=1.95 V, constant PDR
—A— Case3: Ry p=12.5 Q, Vierp=1.65 V, constant PDR
15 H Cased: Ry ;=12.5 Q, V(¢,=2.05 V, dynamic PDR
)
z 10 Pt P
£ i Carrier 'Y
8 \"v “‘.‘
v, ¢,
/Av)v'ﬁ
o009,
5L . ¥/ ¢
Peaking /% ~"7v
0 1 1 1 ./ 1AY 1

10 15 20 25 30 35 40
Output power (dBm)

(®)

4.5

40 L[ Constant PDR
’ —e— Dynamic PDR

35}
3.0 p-o-e-e-0-0-0-0rs.

25t ..
20} N
15 | "
1.0 | “ve
05}

0.0 [A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-Achha
. -A-A-AMA

PDR (dB)

0.5 1 1 1 1 1
10 15 20 25 30 35 40
Output power (dBm)
(©

FIGURE 4. Simulated results of the main stage of the Doherty PA at
3.3 GHz: (a) overall gain and PAE for four different cases, (b) gain of each
carrier and peaking amplifier, and (c) constant vs. dynamic PDR.

Class-C peaking amplifier, while Z;, . varies much less. For
the carrier amplifier, Z;, . is matched to Z. using a series
capacitor of Cpq . and a shunt inductor of L;,3. For the
peaking amplifier, Z ,, is matched to be a higher impedance
using a series capacitor of Cpgy, p, and a shuntinductor of Liy4.
Then, it is rotated to Z, using a quarter-wave transmission
line based on a C-L-C network. As shown, Z, is wide-spread
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FIGURE 5. Schematic for the interstage and simulated impedance
matching trajectories according to the output power levels at 3.4 GHz:
(a) schematic, (b) matching for carrier amplifier, and (c) peaking amplifier.

TABLE 2. Circuit parameters used in the simulation for the interstage
network.

Parameter | Value | Parameter Value
Cbal,c 4.4 pF Cout,d 0.8 pF
Chal,p 4.4 pF Lint1 1.35nH
Cint1 0.7 pF Lints 0.5nH
Cimgz 1.5 pF Limg4 0.5 nH

according to the power levels of from the low power (LP) to

the high power (HP). Circuit parameters used in the simula-

tion for the interstage network are summarized in Table.
The admittances, Y. and Y, are derived as follows.

1
Yo=—=

—=—=G B, 2
Z Re + jXc c +Jb. (2)
1

Yp: =

— =G, +jB,. (3)
Z, R, +jXp b P

Then, the PDR (or P./P,) can be presented using Y. and Y),
as follows.

P : P, =Re(Y,) : Re(Y)) = G, : Gp. “4)
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FIGURE 6. Simulated results of the direct interstage power dividing

network for the frequency band of 2.8-3.8 GHz: (a) input admittances of
Yc and Yp, and (b) PDR.

(4) shows that the ratio of P, and P, can be optimized by
adjusting the ratio of the input conductances, G, and G,,
using the component values used in the interstage match-
ing network and offset line. The PDR can be dynamically
changed since G, of the Class-C peaking amplifier is a strong
function of the input power level while G, of the Class-AB
carrier amplifier is not changed as much. For the low power
level, a higher gain can be achieved by driving more power
into the carrier amplifier using a high PDR. As the power level
increases, the peaking amplifier becomes gradually turned
on with decreasing PDR. The overall AM-AM character-
istics can be optimized to be as flat as possible addition-
ally using the gain expansion characteristics of the peaking
amplifier.

Fig. 6 shows (a) the simulated admittances of Y, and ¥, on
the Smith chart, and (b) PDR for the direct interstage power
dividing network for the frequency band of 2.8-3.8 GHz.
Since PDR equals the ratio of G. to G, from (4), the ratio
of G, and G, should be optimized for the low and high
power levels using the parameters of the matching network
and offset line at the interstage. At the low power level,
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Y. is matched to have a relatively large input G, of about
0.02-0.03, while Y, is matched to have a relatively small
input G, of about 0.01-0.015 to drive most of the input power
to the carrier amplifier, as shown in Fig. 6(a). In contrast,
for the high power level, Y, has a gradual shift toward the
increased input G, which results in a decreased PDR. The
simulated PDR using the designed interstage direct power
dividing circuits for the 2.8-3.8 GHz band in Fig. 6(b) shows
2.5-3.1 dB at the low power level and 0.3-2.0 dB at the peak
power level, respectively.

Fig. 7 shows the simulated load impedance of the drive
amplifier (Z;,,) from the low power to the high power level
for the 2.8-3.8 GHz band on PAE and output power contours.
The PAE and output power contours are extracted with 1 dB
and 10% steps from the load-pull simulation, respectively.
The contours are insensitive to the frequency variation since
they are extracted at the current source plane of the drive
amplifier. The optimal Zg, region is determined to have an
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FIGURE 9. T equivalent circuit model of the output transformer including
Cs and Cp.

output power of above 29 dBm and a PAE of above 44%.
Zar 1s expressed as follows:

27.7,

Ziry = . 5
drv Zc+Zp ()

For the target frequency band, almost all the Z;.,’s after
including the direct power division circuits are inside the opti-
mal region. This means that the drive amplifier is designed
to supply sufficient input power to the main amplifier with
high efficiency. For wider operating bandwidth, multi-section
matching structure can be used for the interstage network.
However, since there are four paths to be matched, the inter-
stage network could be very bulky as the number of sections
increases. Using only one-section matching network, the
bandwidth of the drive amplifier is secured for high efficiency
and power.

Ill. BROADBAND LOAD MODULATION NETWORK

A. BROADBAND OUTPUT TRANSFORMER

Fig. 8 shows the proposed LMN for the high and low out-
put power levels. The output transformer (7F,,;) with the
tuning capacitors of C; and C, transforms the unbalanced
load impedance of Ry to the balanced input impedance of
Rp; . For appropriate load modulation in the wide frequency
range, the output transformer network needs to provide the
input impedance of R, in broad bandwidth. At the low
output power level, the load impedance of each side of the
carrier amplifier is set to 2R,,, as the peaking amplifier is
turned off. A 90° transmission line having a characteristic
impedance of R, transforms Ry /2 to 2R, for each side of
the carrier amplifier. At the high output power level, the 90°
transmission line does not change the impedance. As a result,
if the fundamental currents from all amplifiers are equal at the
high power level, the load impedances of all the amplifiers
become Rp;.

For the initial design stage, the T equivalent circuit
model shown in Fig. 9 is very useful for extracting the
design parameters. R, is the input impedance of the trans-
former and Ry is the load resistance. L, and Ly are the
self-inductances for the primary and secondary turns, respec-
tively. M is the mutual inductance which can be expressed as
follows:

M = kL L, ©)
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¢
. Trajectory 1
; (traditional)

FIGURE 10. Two different impedance trajectories of the equivalent
circuits for the output transformer including Cs and Cp on the Z-Y Smith
chart.

where k is a coupling coefficient of the primary and sec-
ondary turns. If n is defined as the self-inductance ratio
between Ly and L, then M is expressed as follows:

Ly =nL,, @)
M = k+/nL,. (8)
Accordingly, n can be rewritten using (8) as:
1 M?
n= k_zL_[%’ ©)

where k is between 0 and 1. As a result, the three relationships
between n and k? according to the relationship between L,
and M can be derived as follows:

n<k—2,ifM<L, (10)
1

n:k—z,ifM:L, (11)
1

n> k_z’lfM>LP' (12)

For three different cases shown in (10)-(12), since the equiv-
alent circuits have different impedance matching trajectories,
they could exhibit different bandwidth.

Fig. 10 shows two different impedance trajectories from
the load impedance of Ry, to the input impedance of R, using
the T equivalent circuit model. Trajectory 1 based on (10)
shows the conventional design for the equivalent circuit [25].
Alarge C,isused to move Ry, ataresistance smaller than R, .
Then, the imaginary part of the impedance is shifted through
constant resistance circles and a constant conductance circle
to the inductive region using three inductors of L,-M, M, and
L,-M . Then, the admittance with a negative susceptance can
be matched to R,y using C,. However, due to the large Cp,
the Q of the network is likely to be high, which can limit the
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FIGURE 11. Simulated results using the T equivalent circuit model
according to the self-inductance ratio of n: (a) input impedance, and
(b) 3.

bandwidth. (11) is the boundary between (10) and (12). For
this condition, L,-M becomes zero, while C;, and M are res-
onated out at the center frequency. Trajectory 2 based on (12)
shows the trajectory for the proposed broadband transformer
design. A smaller C; is applied to shift Ry through a constant
conductance circle to have a resistance between R,,, and Ry .
Next, the impedance is moved to have a positive reactance
using two series and shunt positive inductors of L;-M and M.
Then, L,-M, which is a negative value, shifts the impedance
counter-clockwise through a constant resistance circle to have
a conductance value of 1/R,,. Finally, Cs is used to match
the impedance to R,,. For the Trajectory 2, the Q is decided
by the impedance at the inductive region. However, the O
of the Trajectory 2 is lower than that of the Trajectory 1,
which results in broader bandwidth. To optimize the param-
eter values of the equivalent circuit with practical considera-
tion, the initial coupling coefficient should be appropriately
estimated. It depends on the dielectric constant, thickness of
the dielectric layer, structure, and so on. For a vertically-
coupled off-chip transformer on a PCB, a coupling coefficient
of about 0.5-0.6 can be obtained, while on-chip transformers
generally have coefficients of more than 0.6 thanks to the
thinner dielectric layer [23], [24], [25], [26], [27]. In this
design, an initial coupling coefficient of 0.57 is selected after
a few EM simulations using a 6-layer laminate. Therefore,
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TABLE 3. Circuit parameters for various values of n used in the
simulation based on the T equivalent circuit model.

n 13 | 22 | 31 | 41 | 54 | 67
K 057 | 057 | 057 | 057 | 057 | 057
L, (nH) | 0.738 | 0.561 | 0.477 | 0.421 | 038 | 0.38
L, (nH) | 0941 | 1252 | 1.521 | 1.745 | 2.06 | 2.545
C, (pF) | 363 | 489 | 586 | 676 | 7.68 | 7.94
Cs (pF) | 321 | 235 | 19 | 162 | 135 1.14

0.76 mm 50-54 mm
Y

Blue: M2 layer

M1 layer Pink: M3 layer

(b)

FIGURE 12. Layouts of the LMN using a 6-layer laminate: (a) overall 3D
view, (b) top view of the three metal layers of M1, M2, and M3.

according to (10)-(12), if n is smaller than 3.1, the equivalent
circuit follows Trajectory 1; otherwise, if n is larger than 3.1,
it follows Trajectory 2.

Fig. 11 shows the simulated results using the T equivalent
circuit model according to the self-inductance ratio of n:
(a) input impedance and (b) S>;. Table 3 summarizes the
circuit parameters used in the simulation. At first, k was
fixed at 0.57. By changing the value of n, Ly and L, are
determined to have as wide a bandwidth as possible, while
considering practical implementation rules. Considering the
layout including PA I/O PADs, a minimum achievable value
of L, was determined as 0.38 nH. Then, Cs and C, values
can be found for real-to-real impedance transformation. For
n of 1.3 and 2.2, the bandwidth can be limited by a large
C; value (Trajectory 1 in Fig. 10). Accordingly, the input
impedances are greatly deviated from R, especially at the
upper and lower ends of the frequency band, which results
in a significant drop of S2;. For n of 3.1 (boundary of Tra-
jectories 1 and 2), wider bandwidth can be achieved due
to a smaller Cs value. When n becomes 4.1 (Trajectory 2),
the input impedances are concentrated around R, for the
2.8-3.8 GHz frequency band, which results in flat response
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FIGURE 13. Vertical structure of the 6-layer laminate with the
InGaP/GaAs HBT IC.
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FIGURE 14. Simulated performances of the TF,: (a) input impedance
and (b) insertion loss.

of S>1. As n grows to 5.4 or 6.7, Cy decreases, but Ly should
be greatly increased. Too large L; also limits the bandwidth
by having too much reactance, which results in increased Q.
Hence, as shown in Fig. 11, the bandwidth can be reduced for
a too large value of n, as well.

B. DESIGN OF THE LOAD MODULATION NETWORK

Fig. 12(a) shows an overall 3D view of the LMN using a
6-layer laminate. TF,,; was designed to have a 1:2 turn ratio
with n of 4.1 (L,=0.421 and Ly=1.745 nH). A wide Ml
layer and relatively narrow M2 layer are vertically coupled
for high self-inductance ratio. Core size of the TF,,; is
0.76 x 0.57 mm?. For the quarter-wave transmission line at
the LMN, two L;’s are implemented on the laminate only
using M1 layer. Fig. 12(b) shows the top view of the M1,
2, and 3 layers. V. is supplied through the center-tap of
the TF,,;. Only one off-chip capacitor (Cy) significantly sim-
plifies the LMN. 3D EM for the laminate board with bump
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2.8 GHz 3.4 GHz,
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= - —3.2GHz -reeeeeeee 3.8 GHz

FIGURE 15. Simulated impedance modulation of the LMN from the low-
to high-power level.

wuw o'}

FIGURE 16. Photographs of the implemented Doherty PA: (a) an IC using
InGaP/GaAs HBT process, and (b) a module using a 6-layer laminate.

pillars is simulated using ANSYS’s HFSS. Fig. 13 shows
the vertical structure of the 6-layer laminate with a flip-chip
InGaP/GaAs HBT IC. I/O PADs of the PA IC are connected to
the M1 layer through the bumps. The height of the PA module
is 483 pum.

Fig. 14(a) shows the simulated input impedance of
the TF,,;. The target input impedance is 12.5 €2 for the whole
frequency band of from 2.8 to 3.8 GHz. Just a little positive
and negative reactance values are added at the lower and high
ends of the broad frequency band. In addition, as shown in
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FIGURE 17. Measured S-parameters for the Doherty PA module (solid:
measurement, dash: simulation).
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FIGURE 18. Measured gain and PAE for the Doherty PA module using a
CW signal at the 2.8-3.8 GHz frequency band.

Fig. 14 (b), low insertion loss of from 0.74 to 0.81 dB was
obtained including the chip capacitor, Cr .

Fig. 15 shows the simulated impedance modulation for
the LMN according to the input power level. For the car-
rier and peaking amplifiers, the load impedances are mod-
ulated from 2R, t0 Ryp (from 25 to 12.5 Q) and from a
high impedance to R,y (from oo to 12.5 €2), respectively.
Despite using a lumped quarter-wave transmission line at the
LMN, the desired load modulation in the wide bandwidth of
2.8-3.8 GHz can be obtained using the broadband output
transformer.

IV. IMPLEMENTATION AND MEASUREMENT RESULTS

To verify the design concept, the InGaP/GaAs PA IC and the
module were implemented. Fig. 16(a) shows a photograph of
the implemented Doherty PA IC using WIN semiconductor’s
2-pm InGaP/GaAs HBT process. The emitter width for the
carrier and peaking amplifiers is 3,200 um each. The size
of the IC is 1.5 x 1.0 mm?. The PA IC is mounted on the
module through flip-chip bonding process. Fig. 16(b) shows
a photograph of the Doherty PA module based on 6-layer
laminate. The size of the PA module is 2.1 x 1.8 mm?. 65% of
L; area and some part of TF,,; are implemented under the PA
IC for compact module size. V. is fed through the center-tap
of the TF ;.
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FIGURE 19. Measured performances for the Doherty PA module using the

5G NR signal at the carrier frequencies of 2.85-3.75 GHz: (a) power gain
and PAE, and (b) ACLR.

Fig. 17 shows the measured S-parameters for the imple-
mented Doherty PA module. For the target frequency band
of 2.8-3.8 GHz, S>; of over 30 dB was obtained. The
measured results are slightly different from the simulated
results due to the inaccuracy of the device models and
the imperfect EM simulations. Fig. 18 shows the measured
gain and PAE of the Doherty PA module using a CW
signal at the 2.8-3.8 GHz band. Saturation output power
(Psqr) and peak PAE were obtained as 32.6-34.6 dBm and
32.2-47.3%, respectively. At the 6-dB back-off point, high
PAE of 23.5-29.4% and high power gain of 30.1-38.0 dB were
achieved.

Fig. 19 shows the measured performances of the Doherty
PA module: (a) power gain and PAE, and (b) ACLR at the
carrier frequencies of 2.85-3.75 GHz using the 5G NR sig-
nal based on QPSK DFT-spread OFDM with 270 resource
blocks. The signal has a signal bandwidth of 100 MHz and
a PAPR of 7.5 dB. Fig. 20 shows the measured average out-
put power (Pgyg), PAE, and error-vector magnitude (EVM)
using the modulated signal for the center frequencies of
2.85-3.75 GHz. An average output power of 26.0-27.8 dBm,
a power gain of 31.9-38.3 dB, and a PAE of 22.0-30.6% were
achieved under the given ACLR of —33.0 dBc. An EVM of
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FIGURE 20. Measured Pavg, PAE, and EVM for the Doherty PA module
using the 5G NR signal at the carrier frequencies of 2.85-3.75 GHz.
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FIGURE 21. Measured channel power and constellation diagram for the
Doherty PA module using the 5G NR signal at the carrier frequencies of
2.85, 3.25, and 3.75 GHz.

1.64-1.78% at P,,, was obtained. Captured channel power
levels, ACLR levels, and constellation diagrams for the car-
rier frequencies of 2.85, 3.25, and 3.75 GHz are shown in
Fig. 21.

The measurement results of the proposed differential
DPA are summarized and are compared to the previously
published InGaP/GaAs HBT PA ICs in Table 4. For the
Doherty PA ICs in [14], [15], and [16], high-efficiency
was obtained by applying digital pre-distortion methods
to have increased linear output power. High back-off effi-
ciency and the widest fractional bandwidth (FBW) of 30.7%
were achieved even without DPD in this work. In addi-
tion, the implemented PA module has a smaller size,
compared to the sizes of the previous modules in [15]
and [16].
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TABLE 4. Performance summary and comparison to the previously reported InGaP/GaAs HBT PA ICs.

Reference This work (8] [10] [11] [13] [14] [15] [16] (19]
Frequency 2.8-38 1.55-2.65 23 5.15-5.85 1.6-2.1 2425 3342 2227 1.85
(GHz)
St dl?f-stag:. l 2—'sta;ge 2-stage 2-stage Sista;ge 2-.sta1ge 3-.sta;ge d.12:f—stage' l 2-.sta1ge
ructure 1rerentia Sll’lg (&) differential differential Sll’lg (& Sll’lg c Sll’lg (& 1fferentia Sll’lg e
Doherty cascode Doherty Doherty Doherty Doherty Doherty
FBW 307 543 - 12.8 273 4.1 242 202 .
(%)
Modulation | NR QPSK LTE B LTE LTE WLAN | NRQPSK | NRQPSK LTE
scheme OFDM 16-QAM QPSK 64-QAM OFDM OFDM 16-QAM
Signal BW 100 10 10 20/40 10 40 100 100 100
(MHz)
PAPR 7.5 75 73 6.7/8.3 75 : . . 75
(dB)
Supply 45 10.0 47 33 45 5.0 3.8 55 35
Voltage (V)
Pavg 26.0-27.8 26.7-27.7 24.8 24.1-24.4/ 27.5 26.0 27.8 30.5 26.0
(dBm) 22.2-22.8
PAE .
(i‘;”)’ sat 322473 40.2-54.3 27.6 40.4-44.5 - - - - 50.0°
0
PAE@P(I.’Ug
o 22.0-30.6 30.9-38.4 14.3 19.3/12.3 >30 21.0 >35.0 >35.5 42.0
0
Gain * " i
) 31.9-383 23.7-31.6 26.0 >25.9 27.5-32.5 29.0 33.0-36.0 24.0 27.8
ACLR <33.0 -30.0 -40.4 -33.0 31.0 -50.7 <35.0 350 37.0
(dBe)
EVM 1.64-1.78 - - - 3.8 0.79 - - 38
(%)
Using
No No No No No Yes Yes Yes No
DPD
PA die size 1.5x1.0 1.0x1.0 3.0x1.5 1.55%0.9 1.4 1.4 ; LIx1.1 10x1.15 | 12x12
(mm?)
Module area 2.1x1.8, 34.0%21.0, - - - - 3.5%2.5", 2.6%2.2, -
(mm?), type laminate COB™ COB COB COB COB laminate laminate COB

V. CONCLUSION

In this paper, a broadband 2-stage Doherty PA using a direct
interstage power division method using a 2-um InGaP/GaAs
HBT process for 5G new radio handset application is pre-
sented. The transformer-less interstage network for dynamic
PDR is proposed for the frequency band of 2.8-3.8 GHz
(FBW of 30.7%). To design compact interstage and load net-
works, shunt passive components that share common nodes
are merged. For linear operation, the active bias circuits of
the peaking amplifier were optimized to provide a flat AM-
AM response. In addition, the broadband load modulation
network using one transformer and two quarter-wave trans-
mission lines was designed. Based on a T equivalent circuit
model, the self-inductance ratio between the primary and sec-
ondary turns of the transformer was optimized to maximize
the operating bandwidth. The proposed Doherty PA module
was implemented using a 6-layer laminate. The PA IC was
assembled using a flip-chip bonding process. For the 5G NR
uplink signal having a signal bandwidth of 100 MHz and
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*Graphically estimated, * chip-on-board

a PAPR of 7.5 dB, a high gain of 31.9-38.4 dB, a PAE of
22.0-30.6%, and an average output power of 26.0-27.8 dBm
were obtained under an ACLR of —33.0 dBc without DPD.
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