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Abstract. In this paper, a 15.5 W Si-LDMOS balanced power amplifier (PA)
technique operating in the 2.620–2.690 GHz frequency band for LTE systems is
presented. The amplifier was designed using large signal Si-LDMOS models,
which demonstrated saturation P1dB of 41 dBm and 53% PAE. The AM-AM and
AM-PM measured data of the balanced amplifier is extracted and embedded in
the device under test (DUT) based on IEEE 802.16 OFDM WLAN Transceiver
system. A simple linear model was design for behavioral modelling of memory-
less baseband digital pre-distorter. The nonlinearity of the balanced amplifier has
been compensated using the Simulink version R2011a.

Keywords: Balanced power amplifier (BPA) · Linearity · Power added
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1 Introduction

A number of modern wireless communication systems, adopt highly-efficient modula‐
tion schemes to enhance spectral efficiency and increase multiple spectral user channels
for a wide range of data and voice services. These include orthogonal frequency division
multiplexing (OFDM) transceiver systems, such as long term evolution (LTE), wide‐
band code division multiple access (WCDMA), IEEE 802.16 OFDM WLAN transceiver
system and numerous IEEE wireless communication systems [1, 2]. These systems are
highly sensitive to nonlinear distortion effects in the transmission path, due to their non-
constant envelope. Such systems produce high peak-to-average-power-ratio (PAPR).
Subsequently, the source of the nonlinear distortion effects in the transceiver configu‐
ration is the RF power amplifier; this research focuses on the design and modelling of
a high energy-efficient power amplifier with high linearity [1–3].

The RF power amplifier is an important device not only in wireless communication
systems, but also in TV transmission, radar systems and RF heating. The amplitude of
radio frequency signal is increase to a certain level of amplification [4, 5]. Spectral
efficiency and linearity are the main elements driving the design of power amplifier. The
most challenging aspect of power amplifier concept is achieving an excellent efficiency
with linearity [6]. However, the design of a power amplifier has to be accomplished in
accordance with the system specifications, such as operating frequency, bandwidth,
output power, gain, linearity, efficiency and return loss [7]. According to [8, 9], linearity
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is required to sustain information for error free transmission. Efficiency reduces power
consumption and improves battery life span at the mobile terminal [5, 10].

The effect of spectral regrowth in power amplifiers has become a major concern in
communication systems engineering [11]. Spectral regrowth is the result of non-linearity
in the transmission path and leads to in-band and adjacent channel interference [3]. To
reduce the effect of nonlinearity and achieve a state-of-the-art system, the power ampli‐
fier must be designed carefully to give high data rate and spectral efficiency for high
speed broadband services. The best of these technologies embrace higher data rate and
higher spectral efficiency from 20 MHz signal bandwidth, downlink data rate of
100 Mbps, with the uplink rate of 50 Mbps obtainable [5, 12] (Fig. 1).
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Fig. 1. Balanced power amplifier architecture.

This work is an extension of author’s previous work [3] where a design of balanced
RF power amplifier is discussed. The amplitude-to-amplitude and amplitude-to-phase
characteristics (AM-AM/AM-PM) of the amplifier is used in the modelling of nonli‐
nearities for a wireless metropolitan area network IEEE 802.16 OFDM transceiver.
Simulink version R2011a configuration is introduced. Section 2 presents a balanced PA
configuration; results will be discussed in Sect. 3. This section also covers the extraction
and modelling of AM-AM and AM-PM polynomials in the pre-distorter. Conclusions
from the work are drawn in Sect. 4.

2 Balanced Amplifier Design

A balanced power amplifier has been demonstrated in this paper and designed using two
transistor models for high data rate, providing efficiency with dynamic range of linearity.
Dynamic load adaptation is conveyed by the use of a 50 Ω, quarter wavelength
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transmission line impedance inverter. In the design of the balanced power amplifier,
there are stages that must be followed to achieve high level performance [13, 14]. The
first stage of the design is DC circuit design and simulation. Simulation of the DC circuit
determines the bias point and bias network. This is according to the class of operation
and power requirement. The bias condition set drain source voltage Vds = 28 V, drain
source current (Ids) = 422 mA and gate source voltage Vgs = 2.7 V. The bias network
is however designed based on class-AB carrier. The DC simulation results specify the
class of operation. The main purpose of good biasing is to prevent signal reflection. The
DC quiescent current is obtained to prevent signal distortion [5]. The radio frequency
is prevented from going back to the DC source. For the matching network, this transistor
requires no matching process, as indicated in the data sheet of the component, input and
output impedance are internally matched. The 21 mm length of micro-strip line are
connected using line-calc from Agilent advanced design system simulator (ADS) with
RT 5880 substrates, parameters; 𝜀r = 2.2, H = 0.508 mm, zo = ohms, T = 3 μm and tan
𝛿 = 0.017. The 50 Ω line impedance of open and short circuit is incorporated to right
angle of the RF blocking transmission lines. A class-AB power amplifier element values
have been positioned using tune tool of the ADS simulator for best performance of the
proposed system.

Linear and nonlinear simulation was performed for class-AB design. The design and
simulation process for a class-AB amplifier is necessary in order to prepare the single
stage class-AB design into a multiple stage balanced power amplifier. The linear simu‐
lation shows a good flat gain, where the S21 is almost 14 dB, the return loss, S11 and
S22 are also good. The nonlinear single tone simulation result for the class-AB amplifier
was obtained. However, it achieved up to 29% PAE at 39 dBm P1dB. A 3 dB 2-ways
900 hybrid splitter was designed using 100 Ω impedance for optimum resistance. This
is to achieve 90° phase difference between the carrier class-AB and the peaking class-
AB amplifier. For a two-stage balanced PA, the carrier and peaking bias points are in
the same mode, the input-output matching circuitry and the output impedances are
similar as well. For the two-way splitter, various simulation tests were performed such
as isolation response over the operating bandwidth, phase difference across port 1–2 and
1–3, and insertion loss response of the splitter [3]. From the 3 dB splitter design, the
insertion loss achieved is reasonably low due to the high return loss, the phase difference
of two signals are parallel to each other by 100 Ω, which means they are separated by
90° and have equal magnitude, and the isolation between 2 and 3, which results in
−48.56 dB at 2.655 GHz centre frequency. Consequently, these results represent a
response to protect the amplifier with all the instruments connected to it and allow
measurement with reasonable accuracy. At the output of the two-stage amplifier is a
combiner coupling the carrier and peaking amplifier signals to the output of the balanced
amplifier [3, 15].

Table 1 shows the performance of the present work in comparison with a few selected
PAs reported in the literature, taking account of operating frequency, output power,
efficiency and gain. In [4] a power amplifier consisting of up to 54% PAE at 2.14 GHz
operating frequency is presented. The design presented a two stage line-up Doherty
amplifiers, consisting of a High Voltage HBT Doherty final design is cascaded with a
20 W LDMOS Doherty driver, exhibiting up to 325 W (55 dBm) power to improve the
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gain to 30 dB. In the case of [10] a high power hybrid envelope elimination and resto‐
ration transmitter was design using gallium arsenide high electron mobility transistor
(GaN-HEMT) at 2.655 GHz operating frequency. The design introduced a conventional
hybrid switching amplifier with up to 71.2% PAE. However, the efficiency of H-EER
transmitter reduced down to 37.04% at 41.18 dBm Pout. In [11] a conventional balanced
amplifier with 90° branch line hybrid coupler (BLHC) was used to achieve power
matching rather than maximum high gain. The impedance matching is not excellent and
there is inherent out-of-phase characteristic cause from the properties of 90° BLHC. To
improve the performance and correct the high signal reflection, an auxiliary amplifier
was added to the conventional balanced amplifier design, only to increase the PAE to
33.4%. The design for [13] use up to 250 W output power at saturation to achieve drain
efficiency of 60%. The final 40 W GaN-HEMT Doherty power amplifier design used a
digital pre-distorter to enhance linearity, as a result experienced reduction in PAE to
48%. Finally, in [14] a 10 W, Si-LDMOS transistor power amplifier was presented with
50% PAE, 14.5 dB gain achieved at 41.8 dBm saturation within 1.8 to 2.0 GHz operating
frequency. The drawback of [14] is that heat sink is used due to excessive heating
produced by the amplifier, which extensively affect the general performance of the
system.

Table 1. Performance comparisons for various power amplifiers.

Device fc [MHz] PAE [%] Pout [dBm] Gain [dB] Reference
LDMOS 2655 51 41 14.6 Balanced
LDMOS 2655 29 39 15 Class-AB
LDMOS 2140 54 48.77 30 [4]
G-HEMT 2655 37.14 41.18 12.78 [10]
G-HEMT 2125 33.4 34.9 7.7 [11]
G-HEMT 2500 48 46 13.4 [13]
LDMOS 1900 50 40 14.5 [14]

However, this work presents a simplified balanced amplifier using Si-LDMOS tran‐
sistor while achieving up to 53% PAE, 14 dB gain at 41 dBm P1dB. This design is
matched perfectly due to the internal input and output matching network in the transistor
device. There is no evidence of leakage or signal reflection from the first stage of the
design to the design of balanced amplifier. Another advantage of this design is its
simplicity, requiring no auxiliary amplifier or additional cascade Doherty device to
improve the efficiency. Additional circuitry accounts for extra power consumption and
results in negligible impact to the overall efficiency of the amplifier [3].

3 Results and Discussion

The proposed balanced amplifier consisting of two similar class-AB amplifiers has been
measured and discussed. The results show a useful extension of dynamic range with
good PAE, making this approach the best choice for LTE base station applications.
Figure 2 has shown the results of the balanced amplifier in comparison with conventional

196 B.A. Mohammed et al.



class-AB amplifier. The result have shown good performance from the balanced ampli‐
fier, achieving up to 53% PAE with 14 dB gain at 41 dBm P1dB, as against the conven‐
tional class-AB amplifier with 29% PAE, 39 dBm Pout and 15 dB gain.
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Fig. 2. PAE and gain characterization for class AB and the proposed balanced PA.

In the one-tone nonlinear simulation test, AM-AM and AM-PM characterisation
parameters are also achieved as illustrated in Fig. 3. These are very important parameters
in the characterisation of PA. However, the AM-AM distortion appears in a nonlinear
PA, while the AM-PM distortion appears in MOSFET PAs and produce memory effects.
The AM-AM and AM-PM transfer functions are used in the MATLAB curve fitting to
generate coefficients. The extracted AM-AM and AM-PM data are measured in ampli‐
tude and phase in the context of normalized input voltage as a function of output voltage
of the balanced amplifier. These are AM-AM extracted data, exported to the MATLAB
curve fitting to generate the following coefficients: a6 = 33.066, a5 = −85.52, a4 = 82.06,
a3 = −34.052, a2 = 2.85, a1 = 3.21 and a0 = −0.01. The AM-AM distortion is effected
by the device reaching a saturation point. The normalized input voltage as a function of
output phase of the balanced amplifier is also considered with the following AM-PM
MATLAB fitted coefficients: b6 = 3.5485, b5 = −5.7836, b4 = 3.0384, b3 = −0.8434,
b2 = 0.1826, b1 = −0.0225 and b0 = 0.1001. The AM-PM distortion is effected by the
device reaching a saturation point. These data will be embedded in the device under test
of a transmitter device, in a Simulink simulation based on IEEE 802.16 OFDM WLAN
transceiver system. The polynomial functions for AM-AM and AM-PM are respectively
given by the following equations:

y(t) = a5u5 + a4u4 + a3u3 + a2u2 + au + a0 (1)
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z(t) = b5n5 + b4n4 + b3n3 + b2n2 + bn + b0 (2)

Simple linear formulas are presented for the functions involved in the amplitude and
phase nonlinear models of the balanced amplifier, and are shown in Eqs. (1) and (2) to
fit measured data very well. This model is exported to the memory-less baseband digital
pre-distorter to linearize the DUT at the front-end of the OFDM transceiver system.
Figure 4 illustrates results of a multiple-input-single-output (MISO) transceiver system
which is set to run on simple linear model with baseband digital pre-distortion to
compensate the nonlinearity of balanced power amplifier. Figure 4a and b depict AM-
AM and AM-PM responses of the DUT without pre-distorter. Figure 4c and d is the
same amplitude and phase results of the DUT after switching on the baseband digital
pre-distorter of the transceiver system. The memory-less nonlinearity of the balanced
amplifier has been compensated by the use of the digital pre-distortion mechanism. This
has proven that the simple linear model used on the IEEE 802.16 OFDM WLAN trans‐
ceiver system can model the AM-AM and AM-PM characteristics of the balanced
amplifier.
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Fig. 3. AM-AM and AM-PM characterization of balanced amplifier.
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a. b.

c. d.

Fig. 4. a and b are the AM-AM/AM-PM responses of the DUT without pre-distortion, while c
and d the pre-distortion is included.

4 Conclusion

In this paper, a balanced RF power amplifier was presented with a two class-AB ampli‐
fiers. The design used free-scale n-channel enhancement mode lateral MOSFET tran‐
sistor. Linear and nonlinear simulation was achieved with ADS simulator and on the
performance metric result is presented with considerable improvement. Comparison was
made between the conventional class-AB amplifier and the double stage balanced RF
amplifier. The balanced amplifier exhibited acceptable improvement in-terms of PAE
and P1 dB by 22% and 2 dBm, with the gain decreasing by 1 dB. A relative comparison
was made with power amplifiers of various types and the present work has proven a
good choice of device.

This paper also conducted research on the effect of balanced amplifier AM-AM and
AM-PM characteristics, when the coefficients are loaded onto the digital pre-distortion.
AM-AM and AM-PM coefficients were converted to generate polynomials, using
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MATLAB in the presence of a Simulink WLAN IEEE 802.16 OFDM transceiver system
for pre-distortion. The pre-distortion technique was able to properly correct the nonlinear
behaviour of the balanced RF power amplifier using the simple linear model to model
the nonlinear characteristics of the balanced power amplifier.
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