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Abstract —This paper presents the design of a highly linear
broadband power amplifier (PA) operating from 200MHz to
3GHz for Long Term Evolution (LTE) pico-cell base station.
The monolithic microwave integrated circuit (MMIC) PA is
realized with 0.25-pm Enhancement Mode Pseudomorphic
High Electron Mobility Transistor (E-pHEMT) process. The
broadband PA employs a novel dual feedback technique to
achieve the broadband power gain and linearity performance. A
low pass input matching network is integrated to suppress the
out of band interference. The PA delivers power gain of more
than 12dB from 200MHz to 3GHz with peak gain of 20dBm at
450MHz. The achieved OIP3 across the operating frequency is
40dBm with corresponding power added efficiency (PAE) of
45%. The fully matched PA serves to be a good solution for
LTE pico-cell base station.

Index Terms—power
linearity, wideband

amplifier, MMIC, pHEMT, LTE,

I. INTRODUCTION

Advanced wireless communication systems such as
WCDMA, LTE and Wireless LAN requires low power,
high efficiency and high linearity PA. High linearity
requirement is crucial in order to increase the immunity
of the system against various interferences. Recently
linearity performance has been highlighted as the most
significant criteria in base station transceiver design in
order to achieve higher data rate and support multiple
complex modulation techniques such as OFDM and
MIMO-OFDM which has a non-constant envelope and
sensitive to nonlinear distortions. Furthermore OFDM
and MIMO-OFDM signals exhibits high spectral
efficiency and large peak to average (PAPR) ratios [1].
The effect of the nonlinearity response in AM and PM on
high PAPR modulated signal results in distortion and
spectral regrowth which deteriorates the performance of
the wireless system in a time varying environment [2].
The degradation of SNR contributed by high PAPR
signals can be represented by [3],

SNR = 6.02N +1.76 — p +10 log10 [2*SR] 1)

where N is the number of bits, p the PAPR and SR the
sampling ratio.
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Efficiency improvement techniques such as Doherty
[4], Envelope Tracking [5], EE&R [6] and Switch mode
PA [7] are gaining wide attention lately. Doherty PA
exhibits high efficiency across wide range of output
power as compared to class B PA by utilizing the load
modulation technique [8]. The Doherty PA was first
introduced by [9] and consists of carrier and peaking
transistors. Optimum efficiency is achieved when both
transistors modulate concurrently. However, phase
distortion is eminent when both transistors are operating
simultaneously at high peak power and backed-off power
levels due to Miller phenomenon [10].

Distributed amplifier is suitable for wideband design
and has demonstrated exceptional bandwidth [11].
However, low efficiency performance and large form
factor design has made this topology unattractive for
advance wireless systems. Recently, switch mode
amplifier topology has demonstrated high efficiency of
more than 70% [12]. The drawback of this circuit
topology is its highly sensitive to the output impedance
thus resulting in limited bandwidth [13].

CMOS PA is gaining attention lately and has shown
high potential of system level integration and single chip
solution [14]. However, low efficiency and power
limitation is eminent due to the high substrate loss and
low breakdown voltage of CMOS process [15]. On the
other hand, wide bandgap technologies such as GaN
which has high breakdown voltage, high electron
mobility and excellent thermal conductivity capability
has shown promising adoption for wireless basestation
applications  [16].  This  provides  component
manufacturers with option to design with GaN
technology which has the benefits of high power density,
high linearity and low noise performances across wide
operating frequencies [17]. However, wide acceptance in
industry is still questionable with high cost, low yield and
inferior reliability of this new semiconductor technology
[18].

GaAs E-pHEMT technology has the advantage of
providing low noise and minimum trade-off between
linearity and efficiency which is desired in modern
wireless communication system, particularly beyond
2GHz as compared to Si-BJT, SiGe HBT and InGaP
HBT technology [19], [20]. In order to meet the linearity
performance for PA designed in the above mentioned
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process, complex techniques such as the pre-distortion is
utilized [21]. However, the trade-off is the broadband
performance. Fig. 1 illustrates the transceiver architecture
of a LTE pico-cell basestation [22].
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Fig. 1. LTE Pico-cell transceiver architecture.

Referring to the figure above, a high OIP3 and
broadband PA is required to reduce the number of the
amplifier stages in the transmitter chain. This paper
demonstrates for the first time the design of a highly
linear broadband PA with 0.25-pm E-pHEMT process.
The broadband PA features an integrated dual feedback
network to achieve a broadband linearity performance.
An integrated low pass filter circuit which has an
impedance close to 50 ohm has been implemented at the
input of the PA to reject the out of band interference, thus
eradicating the need of an external attenuator as depicted
in Fig. 1.

This paper is organized as follows. Section Il describes
the design methodology of the broadband PA followed by
the wvalidation results in Section Ill. Section IV
summarizes the conclusion.

Il. DESIGN METHODOLOGY

The design goal of this PA is to achieve a broadband
operating frequency from 200MHz to 3GHz with
minimum OIP3 of 40dBm, 0.5W linear output power
while achieving less than 100mA DC current
consumption with supply voltage headroom of 5V.
Before embarking in to the design of the PA, device or
technology selection and transistor configuration is an
important aspect to be carefully considered.

A. Device Selection

GaAs E-pHEMT process has been chosen since it has
demonstrated wideband characteristics of high efficiency
and linearity and is widely used in base-station
development lately [23]. E-pHEMT technology is
attractive for gain block/driver amplifiers because it
provides highly linear performance across a wide
bandwidth which is useful in next generation
communication  systems. In  addition, GaAS
Enhancement-mode pHEMT (E-pHEMT) technology
combines advantages of both HBT and depletion-mode
pHEMT (D-pHEMT) technologies in a single process
[23]. Similar to HBT, it allows single supply operation
and does not require drain switch to turn the PA
completely off as well as high efficiency similar to a D-
pHEMT process. Furthermore, GaAs E-pHEMT has high
breakdown tolerance and ability to with stand high
temperature variations.

This advantages is key to maintain the overall system
performance in advance and high level integrated
infrastructure systems. With this, pre-amplifier limiter
circuitry is not required and this helps to improve the
overall system SINAD [24]. Table | summarizes the DC
characteristics of the GaAS Enhancement-mode pHEMT
(E-pHEMT) transistor.

TABLE |: DC CHARACTERISTICS OF GAAS (E-PHEMT) TRANSISTOR

Parameter Mean

G (MS/mm) 580

Vg @ peak Gm (V) 0.7

lgs @ peak Gm (mA/mm) 171
Inax (MA/MM) @ Vgs = Vio 331
BVg @ 1ImA/mm (V) -17
Vie @ ImA/mm (V) 0.97
Vin @ ImA/mm (V) 0.25

B. Power Amplifier Configuration

Three most common FET configurations for PA
designs are: Common Source (CS), Common Gate (CG)
and Common Drain (CD) [25]. The common source
configuration exhibits highest power gain and is the most
suitable configuration for wideband PA design. Table 1l
compares the characteristic of the basic FET
configurations.

TABLE Il: CHARACTERISTICS OF FET CONFIGURATIONS

Characteristics Common Source

Common Gate Common Drain

P B RL Rds
Voltage Gain, Ay Im AL Ree
Cin Cgs+(1-Av)Cgd
Input Impedance, Zj, High
Output Impedance, Z gyt Rds
Reverse Isolation Best

ImRL
1+ ImRL
Cgs*(l— Av)ng

I9mRL <1

Cgs*(l— Av)ng
Rds*RL 1

= High

ImRds+1 I 9
Rds 1
Rds+(9mRds+D RL —— |k
ST ImRds+1 O

Good Poor
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PA circuits are classified into different classes
depending on the DC biasing of the transistor. For high
linearity and acceptable efficiency for wideband
frequency operation, generally class A, AB and C are
applied [26]. Fig. 2 illustrates the simplified circuit
elements of a pHEMT PA. The high frequency AC input
signal is injected via the gate of the FET through C;, and
amplified as output signal to the load through C,y. The
inductors L;, and Lo, functions as high impedance RF
chokes and prevents the signals from coupling to the DC
supplies. Meanwhile, C;, and C,; prevents the DC
currents from passing through the signal source and load.
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Y

Fig. 2. pHEMT amplifier with high frequency AC current flow.

t

The optimum load line resistance for maximum power
transfer is given as [27]:
V-V
R =K )
I max

where Vy is the knee voltage, Vy,is equal to (2Vpp - Vy),
Imax IS the maximum drain current when Vg is equals to
zero. The output power increases as Vy, increases. Hence,

the maximum output power is given as:

Imax(V —Vk)
Pout, max = — X M-max_—= mémax k 3)

where (Vmmax - V)/2 is the drain—source voltage for
maximum output power.
The power added efficiency of a PA is defined by

~ 1Vmmax—Vk X100% ()
2Vm.max+Vk
From (4), the theoretical limit of PAE for a class A

amplifier is 50%. The total power dissipated in the
transistor is given in equation (5):

PAE

1 3 5
PFEnglmameJfglmame (5)

C. Device Selection

pHEMT amplifier linearity has been widely researched
where various techniques are proposed to enhance the
linearity especially in nonlinear weakly region [28]. Fig.
3 depicts the nonlinear pHEMT circuit model with
extrinsic linear elements [29].
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Fig. 3. Nonlinear pHEMT circuit model with extrinsic linear elements.

The RF transistor transconductance g,, is defined as the
ratio of drain current lgs(w,) to the gate voltage Vgs(w,)
when the drain is AC shorted [29] as given in (6).

_ lds (@0) 6
¢ Vgs (wo) ( )

The nonlinear input capacitance Cy and the nonlinear
gate drain capacitance Cyy causes AM/AM and AM/PM
distortions. The AM/AM distortion is minimal at lower
frequency, however at higher frequencies the impact is
further aggravated by the nonlinear input capacitance and
source mismatch [30]. Ideally, the AM/PM characteristics
of the PA is effected by the device transconductance and
interaction of knee voltage [31]. However, with suitable
input matching network and by incorporating distortion
compensation techniques, the AM/PM nonlinearities can
be further minimized [32]. The nonlinear distortion is
improved through effective cancellation as shown in Fig.
4. The operation theory of memoryless distortion can be
modelled using power series [33],

y=ap.x +a2-x2+a3-x3 (7)

where a; to a; are the nonlinearity coefficients. These
nonlinear components generate new spectral components
as shown in Fig. 4.
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Fig. 4. Non Linear distortion analysis

Volterra series extends the prediction of conventional
power series equation to calculate the nonlinear
amplitude and phase effects concurrently [34]. The
distortions are modelled as depicted in Fig. 5 whereby the
nonlinear current sources at the gate and drain are defined.
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Fig. 5. Nonlinear amplifier current model [28].
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In order to obtain broadband gain and low power
consumption simultaneously, a dual feedback technique
has been employed in this work. The resistive feedback
extends the bandwidth of the PA by suppressing the
lower frequency gain and improves the gain flatness
across wider bandwidth [35]. The dual feedback network
consist of a shunt network between the drain and gate of
the MESFET Q1 and also a series network connected to
the source of the Q1 as illustrated in Fig. 6.
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Fig. 6. Schematic of the broadband linear PA

The shunt feedback network is consist of resistor Rs,
R, inductor L, and capacitor Cs whereas L4 and R, forms
the series feedback. Through these networks a broadband
linear power gain performance is achieved for the PA.

The relationship between the dual feedback networks to
the linear power gain S, is given as:

Sa :i[ *ngzq + 22_0 ]

D1+ gn[Ro +jols] (Rs+Ry)- joo[Cs-Ly]
where (8)
22, InZs

=1+(R5+R7)— jw[CS,LQ]+[((R5+R7)— jo[Cs— L])(1+ 0n (R, + oL, )|

where Z, in equation 1 represents the output impedance
of QL.

The PA is biased at class-A with a positive gate
voltage provided by a current mirror biasing circuit which
consist of MESFET Q2, Rz, R4, Rg and C,. Rg forms a
constant current source for Q2, thus providing a stable
gate voltage for the PA. Hence the PA is robust against
drain supply voltage variation. On the other hand, a low
pass filter has been integrated at the input of Q1 which is
represented by C;, C,, C3 and R;. This network rejects the
out of band interference.

I11. VALIDATION RESULTS

The simulated S-parameters performance of the
proposed broadband LTE PA with supply headroom of
5.0V is shown in Fig. 7. Sy; and Sy, results indicates the
amplifier is matched close to 50 across from 200MHz
to 3GHz, resulting an operating bandwidth of 2.8GHz.
The broadband PA achieves minimum power gain of
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13dB across the operating bandwidth. The maximum
power gain is 20.5dB at 200 MHz.
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Fig. 7. Simulated S-Parameter performance of Broadband PA, covering
an operating bandwidth of 2.8GHz

Stability K-factor indicates that the PA is
unconditionally stable up to 20GHz as illustrated in Fig. 8.
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Fig. 8. Stability K-Factor of Broadband PA from DC to 20GHz.

Fig. 9 depicts the 1dB compressed output power
(P1dB) across operating frequency with current
consumption of 95mA. In average the achieved P1dB is
24dBm.
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Fig. 9. Simulated P1dB result.

The linearity performance of the PA in terms of OIP3
parameter is illustrated in Fig. 10. The OIP3 is simulated
at 6dB back-off output power from the P1dB with dual
signal tone with 10MHz spacing as the input signal.

Referring to Fig. 10, it can be observed that an average
broadband OIP3 of 40dBm is achieved from 200MHz to
3GHz. Fig. 11 shows the resultant power added efficiency
(PAE) of the PA from 200MHz to 3GHz. A minimum
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PAE of 45% is achieved across the mentioned operating
frequency.
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Fig. 10. OIP3 across frequency of Broadband PA
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Fig. 11. PAE performance of the broadband PA

In Table I11, the performance comparison with recently

reported works is presented.

TABLE Ill: PERFORMANCE COMPARISON WITH RECENT PUBLICATIONS

Reference Freq Vdd Gain OIP3 P1dB ACLR(dBc) PAE%
(GHz) (V) (dB) (dBm) (dBm)
[36] 05-20 400 20.0 47 35 - 15.8
[37] 01-10 50 20.2 34.2 21.8 - 33.6
[38] 07-20 12 21.2 135 3.01 - -
[39] 0.82-092 36 26.6 - 26.0 -30.2 23-25.3
[40] 1.95 34 28,5 - 26.0 -32.5 26.6
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