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Abstract. Radio frequency (RF) power amplifiers (PA) are 
efficiently linearized by adaptive digital predistortion 
(DPD). However, performance of DPD is severely de-
graded in presence of transmitter’s frequency-selective in-
phase/quadrature (I/Q) imbalance. We propose the 
DPD/IQ method that compensates the effects of transmit-
ter’s I/Q imbalance and PA nonlinearity and is dedicated 
for implementation in low-cost software defined radio 
(SDR) cellular base stations. The advantage of DPD/IQ is 
low complexity in terms of reduced number of DPD coeffi-
cients which provides significant savings of FPGA re-
sources. The performance of DPD/IQ has been evaluated 
after the method has been implemented in SDR board. 
Measured results clearly demonstrate efficient compensa-
tion of PA and transceiver impairments enabling transmis-
sion of wide bandwidth waveforms and realization of so-
phisticated modulation schemes. Improvement in image 
rejection ratio of 10–15 dB is achieved. Considering com-
pensation of PA nonlinearities, the ACPR at PA output is 
decreased by 15 dBc. 

Keywords 
Frequency dependent I/Q imbalance, digital pre-
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1. Introduction  
Nonlinearity and memory effects of radio frequency 

(RF) power amplifiers (PA) produce high out-of-band 
emissions and degrade bit error rate of transmitted signals. 
Popular solution to decrease distortions is to back off PA 
output power. This approach yields significantly lower PA 
power efficiency and substantial reduction in base station 
(BS) coverage. More acceptable approach is utilization of 
digital predistortion (DPD), based on complex valued 
memory polynomials (MP) [1], [2]. Other DPD ap-
proaches, such as the segmentation approach, consist of 
dividing the signal amplitude range into segments and 
applying a specific nonlinear function to each of them [3]. 

Modern modulation schemes exhibit high peak-to-
average power ratio (PAPR), and when combined with 
nonlinear PA characteristics, they increase unwanted emis-
sions at PA output [4]. Emissions can be reduced when 
DPD operation is supported by crest factor reduction 
(CFR) techniques [5]. RF transmitter imperfections de-
grade the symmetry between in-phase/quadrature (I/Q) 
modulator paths [6], [7], which not only deteriorates in-
band signal characteristics but it is also detrimental to DPD 
operation [8]. In the case of the imperfect analogue-to-
digital (A/D) converter systems, the signal quality im-
provement achieved by DPD is significantly degraded [9]. 
In order to fulfill strict Long Term Evolution (LTE) regu-
lations, transceiver transmit paths, which already employ 
inevitable CFR and DPD, should implement some of I/Q 
imbalance (IQI) mitigation methods.  

The paper presents a novel DPD/IQ method for com-
bined RF transmitter IQI mitigation and PA linearization. It 
is particularly created for implementation in low-cost soft-
ware defined radio (SDR) BS. The DPD/IQ advantage is 
low complexity in terms of reduced number of complex 
valued coefficients. Steps for efficient distortion mitigation 
are thoroughly described starting from mathematical model 
to complete realization in a SDR board which is incorpo-
rated in field-programmable radio frequency (FPRF) LTE 
BS. The results which are provided in the paper are ob-
tained by measuring the transmitted BS signals. Adjacent 
channel power ratio (ACPR) and error vector magnitude 
(EVM) are used to assess the DPD/IQ performance.  

The paper is organized as follows. Related work is 
given in the following section. In Sec. 3, the DPD/IQ 
method is described. In Sec. 4, the simulation setup is pre-
sented followed by simulation results. The measured re-
sults of DPD/IQ evaluation in SDR based BS are presented 
in Sec. 5. Section 6 is dedicated for discussion. The con-
clusion is drawn in the last section.  

2. Related Work  
Complex-valued signal x(t), exposed to the source of 

frequency-independent I/Q imbalance, results to the signal 
y(t) [10]:  
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The parameters  and  from (2) represent the ampli-
tude and phase imbalance terms. The impact of static IQI 
on signal quality can be measured by image rejection ratio 
(IRR), defined as the ratio of the desired signal power and 
power of the image signal: 
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For wideband signals, IQI manifests frequency-
dependent behavior caused by analogue components in I 
and Q modulator paths [11]: 
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where X(f) and Y(f) are the fast Fourier transforms (FFT) of 
x(t) and y(t) respectively. The complex-valued functions 
H1(f) and H2(f) depend on the gain and phase mismatches. 
In this case, IRR can be defined as [11]: 
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Distortions related to IQI and PA nonlinearity can be 
minimized independently. The authors [12] propose a serial 
structure of two processing blocks, where the first block 
cancels PA nonlinearity and the second block is used for 
IQI mitigation. However, as reported in [13], this approach 
requires additional hardware in form of RF feedback loop 
to separately compensate different distortion sources. Sim-
ultaneous compensation is achieved in either time or fre-
quency domain. Time domain techniques are presented in 
[13–15], while the frequency domain techniques are pre-
sented in [16], [17]. The Volterra-series DPD from [14] has 
shown an excellent performance in frequency-dependent 
IQI compensation, but it does not address PA nonlinearity. 
The joint digital pre-distortion presented in [18] compen-
sates impairments of RF vector signal generators (VSG) 
including IQ imbalance, local oscillator (LO) leakage and 
power amplifier nonlinearities. The DPD employs a paral-
lel structure consisting of non-conjugate and conjugate 
Parallel Hammerstein (PH) blocks. The method presented 
in [13] simultaneously suppresses PA and I/Q impairments 
of direct conversion radio transmitters. In [15] the fre-
quency-dependent nonlinear I/Q impairments are modeled 
by nonlinear I/Q model, followed by a linear time invariant 
(LTI) system. The PA is represented by a LTI Wiener 
model, followed by a memoryless nonlinear model. The 
methods presented in [13], [15] have increased complexity 
compared to the methods in which distortion sources are 
separately compensated. The reason of increased complex-
ity resides in uncompensated I/Q imbalance source, posi-
tioned in front of nonlinear PA, which requires extended 
DPD memory length [19]. 

The model presented in [20] employs of serial con-
nection of a MP block, dedicated for PA nonlinearity miti-
gation and second block which removes the modulator’s 
nonlinear IQI. The second block is formed as parallel con-
nection of direct and conjugated value MPs. Ref. [21] pro-
poses DPD Volterra model that compensates static IQI 
sources and PA impairments exciting a dynamic multiple-
input multiple-output (MIMO) system. 

It is worth mentioning that all methods found in liter-
ature are validated using laboratory test equipment. In test 
setups modulated waveforms are created by MATLAB 
software, then up-converted to RF by VSG. In our test 
setup VSG is not used. Instead, one of the novelties of this 
paper is that results are derived after the DPD/IQ has been 
implemented in SDR board which is a part of FPRF LTE BS.  

3. DPD/IQ Method  
The DPD/IQ adopts complex-valued MP models and 

indirect learning architecture (ILA) composed of pre-
distorter and postdistorter blocks. We propose novel ar-
chitecture in which predistorter and postdistorter blocks are 
divided into MP-based non-conjugate and linear conjugate 
sub-blocks, as presented in Fig. 1. The predistorter MP 
non-conjugate part (named with DPD in Fig. 1) takes at 
input signal xd(n) and it is dedicated to minimization of PA 
and transmitter nonlinearity effects. Linear conjugate part, 
denoted as I/Q corrector in Fig. 1, takes at input the com-
plex-conjugated signal xd*(t) and is introduced to suppress 
the effects of transmitter’s I/Q imbalance. Compared to 
methods presented in [13], [18] the novelty of DPD/IQ 
resides in linearity of complex conjugate I/Q corrector 
block which is realized by FIR filter. 

The DPD/IQ postdistorter output signal y(n) is 
defined as:  

1 1 2
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The parameter N1 in (6) represents the DPD memory length 
and M1 is the nonlinearity order. I/Q corrector block is 
modeled by FIR filter with length N2. Equation (6) is 
an extended version of MP model [1], [2]. 

 
Fig. 1. ILA for I/Q image rejection and PA linearization. 
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The complex valued DPD/IQ coefficients from (6) are: 
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The envelope signal e(n) is defined by (8). Real and 
imaginary parts of the signal x(n) are denoted with xI(n) 
and xQ(n):  
 2 2

I Q( ) ( ) ( ) .e n x n x n   (8) 

The coefficients are determined using recursive least 
squares (RLS) algorithm which error function (n) is 
defined by (9) [1]: 

 22
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where I(n) and Q(n) are real and imaginary parts of de-
layed signal (n) used for compensation of digital loop 
delay. The signal y(n) consists of real yI(n) and imaginary 
yQ(n) components. The RLS cost function C(n) is defined 
as [2]: 
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where  is the RLS “forgetting factor”. In order to 
minimize C(n), the following system of linear equations is 
formed: 
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In order to express (11) in a matrix form, the real and 
imaginary parts of DPD/IQ coefficients are stored in the 
vector s(n): 
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where K = (N1 + 1)(M1 + 1) and L = (N2 + 1). Delayed 
signals I(n) and Q(n) are stored in the vector (n): 
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The signals xI(n) and xQ(n) and their previous values 
are stored in matrices Ie and Qe given by (14). 
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where the parameter N in (14) represents the maximum of 
N1 and N2.  

The matrix X(n) is created from the elements of 
matrices Ie and Qe: 
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Following RLS algorithm, after every training step, 
the elements of matrix R(n) and vector r(n) are calculated 
according to (16) and (17). The R(n) and r(n) have 
dimensions 2(K+L)  2(K+L) and 2(K+L)  1, respectively. 
The system of equations in the matrix form is expressed by 
(18). The model coefficients, which are stored in s(n), are 
found by solving (18): 

 T( ) ( 1) ( ) ( ) ,n n n nR R X X   (16) 

 T( ) ( 1) ( ) ( ) ,n n n nr r X   (17) 

 )()()( nnn rsR .  (18) 

4. The Simulation of DPD/IQ  
The DPD/IQ has been simulated using mixed mode 

simulation library in which analogue and digital blocks are 
modeled in PSpice and SystemC, respectively. The dia-
gram of simulation setup is given in Fig. 2. The DPD/IQ is 
modeled in SystemC and the model consists of predistorter 
and postdistorter parts. Beside DPD/IQ block, several 
modules are modeled in SystemC: the digital modulator, 
the CFR block, I/Q imbalance block, Inverse Sync filter, 
ADC and DAC. The transmitter operates in baseband 
(BB). In different test cases the ten-tone and 5MHz LTE 
low intermediate frequency (low-IF) waveforms are gener-
ated by digital modulator at rate of 61.44 MS/s. 

The CFR is applied to reduce the PAPR of the signal 
at modulator output. The CFR module is based on Peak 
Windowing (PW) algorithm, which is described in details 

 
Fig. 2. Transmitter architecture block diagram, used for 

simulation of DPD/IQ. 
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in [23]. As the result of CFR employment, the PAPR of 
input waveforms is reduced to 8 dB. The model of DPD/IQ 
block is designed based on the equations described in 
Sec. 3. The DPD/IQ postdistorter implements (6). The non-
conjugate MP part is simulated with memory length of 
N1 = 4 and nonlinearity order M1 = 2. The I/Q corrector 
length is N2 = 4. In every training step postdistorter block 
calculates new elements of matrices R(n) and r(n) accord-
ing to (16) and (17), respectively. The system of linear 
equations, expressed by (18), is solved by LU decomposi-
tion method. The result is the vector s(n) which contains 
new DPD/IQ coefficients. After signal is processed by 
CFR and pre-distorter, the IQI is inserted into signals. For 
this purpose, two IQI sources have been created which are 
described in the following subsections. The digital to ana-
logue conversion (DAC) roll-off is compensated by Inverse 
SINC filter. For PA, we used different models – the 
memory polynomial model and the Hammerstein model. 
The Hammerstein model is derived as memory-less nonlin-
earity modeled in SystemC, followed by analogue 7th order 
ladder LC Pi filter. The filter is designed with 30 MHz cut-
off frequency, in-band amplitude ripple less than 0.1 dB 
and the stop band attenuation greater than 90 dB. The LC 
filter is the only analogue circuit in simulation setup; the 
other circuits are described as digital blocks. In simulations 
the arithmetical precision of 18 bits is adopted and the 
number of points for FFT is set to 216. The results pre-
sented in the following subsections correspond to the 
Hammerstein PA model. The simulations proved efficiency 
of DPD/IQ in image rejection as it is documented in the 
following test cases.  

4.1 Case 1: I/Q Imbalance Model Realized of 
IIR Filters and Ten-tone Input Waveform 
In the test case 1 positive-band ten-tone signal is ap-

plied in which the frequencies of tones range from 1 to 
10 MHz. The IQI source is modeled by third-order low-
pass infinite impulse response (IIR) filters processing sepa-
rately I and Q components. The filters have Butterworth 
transfer characteristic. The filter processing I component 
has 10 MHz cut-off frequency; the cut-off frequency of the 
filter applied for Q component processing is 9.7 MHz. 
Gain imbalance of 3% and a phase imbalance of around 3° 
are introduced at 10.0 MHz. 

Figure 3 depicts the power spectral densities of 
DPD/IQ input xd(n) and the IQI source output yd’(n) when 
DPD/IQ is bypassed. 

Spectral components of PA output signal are depicted 
in Fig. 4 in cases when DPD/IQ block is bypassed and 
when DPD/IQ is applied. Results which are presented in 
Figs. 3 and 4 correspond to the 14-bit ADC/DAC resolu-
tion. 

In further simulations the impact of ADC/DAC reso-
lution on DPD/IQ performance is analyzed. The resolution, 
denoted with parameter R, is changed from R = 10 to 
R = 18, with a step of R = 2. The amplitudes of tones at 

negative frequencies are determined and IRR values cal-
culated. The IRR results, derived with or without DPD/IQ, 
are presented in Fig. 5. When DPD/IQ is not used, IQI 
distortions reflect to IRR value of approximately 30 dB. 
When DPD/IQ is utilized, the IRR is improved to 60 dB. 
Frequency images are efficiently suppressed if R is greater 
than or equal to 12. 
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Fig. 3. Spectra of xd(n) and yd’(n) when DPD/IQ is bypassed. 
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Fig. 4. Spectra of PA output signals when DPD/IQ is 

bypassed and when DPD/IQ is utilized. 
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Fig. 5. IRR obtained at negative frequencies for different 

ADC/DAC resolution values R. 
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4.2 Case 2: I/Q Imbalance Model Based on 
Measured Transceiver Characteristics 
In the test case 2, the ten-tone waveform is used. The 

IQI source model has been created based on data obtained 
from calibration process of a SDR transceiver chip.  

The chip is first tuned to operate at central frequency 
of 3.5 GHz [22]. Then, I/Q gain and phase correction val-
ues are determined at BB frequencies in the range from  
–30 MHz to 30 MHz, with a step of 5 MHz. After that, 
gain and phase imbalance values are calculated and used as 
input parameters of IQI model, developed on the bases of 
(4). The gain and phase imbalance terms manifest fre-
quency dependent behavior (Fig. 6). Spectral densities of 
signals xd(n) and yd’(n) are depicted in Fig. 7 in the case 
when DPD/IQ is bypassed. 

Figure 8 presents power spectral densities of the PA 
output signal without DPD/IQ and with DPD/IQ.  

The simulation is repeated for different ADC/DAC 
resolution values. The IRR, as a function of BB frequency 
and value R, is given in Fig. 9. When DPD/IQ is not ap-
plied, the IRR is deteriorated as a result of incomplete 
suppression of the image frequency and it is approximately 
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Fig. 6. Gain and phase imbalance of a transceiver chip as 

a function of BB frequency. 
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Fig. 7. The spectra of xd(n) and yd’(n) in case when DPD/IQ 

is bypassed. 
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Fig. 8. The PA output spectra in cases with and without 

DPD/IQ. 
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Fig. 9. IRR at negative frequencies for different ADC/DAC 

resolutions. The used waveform is ten-tone. 

equal to 35 dB. The utilization of DPD/IQ improves the 
IRR by approximately 15 dB. The resulting IRR reaches 
50 dB. 

4.3 Case 3: I/Q Imbalance Model Based on 
Measured Transceiver Characteristics 
and 5MHz Low-IF Input Waveform 
In test case 3 the 5 MHz LTE low-IF waveform is ap-

plied. The same IQI model is used as it is used in the test 
case 2. Power spectral densities of xd(n) and yd’(n) are 
depicted in Fig. 10 in the case when DPD/IQ is not applied. 

Figure 11 depicts x(n) spectra with and without DPD/IQ 
usage. In the case of uncompensated PA, the ACPR values 
for lower and upper adjacent channels are –30.67 dBc and 
–39.22 dBc, respectively. When ADC/DAC resolution is 
R = 12, DPD/IQ achieves –53.5 dBc and –58.27 dBc.  

Further simulations are conducted to assess the 
impact of ADC/DAC resolution on DPD/IQ performance. 
The ACPR values, obtained for PA output signal and dif-
ferent R values are given in Tab. 1. The adjacent and alter-
nate channels are obtained at offsets of 5 MHz and 10 MHz 
from the central  baseband  frequency  of 2.5 MHz. Results 
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Fig. 10.  xd(n) and yd’(n) spectra in the case when DPD/IQ is 

not applied.  

-120

-110

-100

-90

-80

-70

-60

-50

-40

-30

-30 -20 -10  0  10  20  30

Po
w

er
 [d

B
m

]

Frequency [MHz]

No DPD/IQ
DPD/IQ

 
Fig. 11.  The spectra of PA output when DPD/IQ block is 

bypassed and in the case when DPD/IQ is applied. 
 

 
ADC/DAC 
resolution 

R 

ACPR [dBc] 
Lower 

alternate 
Lower 

adjacent 
Upper 

adjacent 
Upper 

alternate 
DPD off 14 –62.18 –30.67 –39.22 –65.87 

DPD/IQ 
on 

10 –47.37 –48.37 –51.03 –51.91 
12 –59.07 –53.53 –58.27 –63.39 
14 –66.47 –54.74 –59.3 –69.2 
16 –67.74 –54.94 –59.45 –70.55 
18 –67.8 –54.97 –59.49 –70.77 

Tab. 1. The ACPR values in case of 5 MHz low-IF LTE 
waveform for different DAC/ADC resolutions. 

confirm that the distortions are efficiently reduced if 
ADC/DAC resolution is greater than or equal to 12 bits. 

5. The Implementation in SDR Board 
The measurement setup consists of BS, Spectrum 

Analyzer and Windows based PC which is running Vector 
Signal Analyzer (VSA) software for modulation analyses. 
The BS consists of a Linux based PC, equipped by SDR 
board [22] and PAs. The SDR board is inserted in periph-
eral component interconnect express (PCIe) slot of the PC. 
The BB digital modem is implemented by Linux PC soft- 

 
Fig. 12. The block diagram of one transmit path used for the 

realization of DPD/IQ.  

ware. It generates waveforms at rate of 30.72 MS/s and 
sends them to the SDR board through PCIe.  

The DPD/IQ is implemented in SDR board which in-
corporates two transceiver ICs and an Altera Cyclone V 
FPGA chip [22]. The 12-bit DACs and ADCs are incorpo-
rated in transceiver ICs. Frequency conversion from BB to 
RF is performed by transmitter chains. Down conversion 
from RF to BB is implemented by receive chains. BS per-
forms 2 2 MIMO operations. Only components which 
belong to one transmit path are shown in Fig. 12. The 
transmit path consists of CFR, FIR, interpolation block and 
DPD/IQ predistorter blocks. The CFR is based on Peak 
Windowing technique and it is described in details in [23]. 
Additional FIR filter is used to eliminate spectrum re-
growth produced by BB modem and CFR [23].  

The CFR and FIR have provision for Serial Peripheral 
Interface (SPI) in order to change their configuration. The 
PCIe/SPI controller provides the connection between PCIe 
and SPI ports of these digital circuits (Fig. 12). The 
DPD/IQ predistorter has parameters N1 = N2 = N = 4, 
M1 = 2. An oversampling of factor one is used before pre-
distorter block, yielding a data rate of 61.44 MS/s. The data 
rate is constrained by maximum data throughput at the 
interface between FPGA and transceiver IC which is equal 
to 61.44 MS/s.  

Predistorter operations can be divided into two parts. 
In the first part, delayed versions of the signals xdI(n) and 
xdQ(n), which represent the I and Q components of 
predistorter input signal, are multiplied with envelope 
ed(n). The envelope is determined as a sum of squares of 
xdI(n) and xdQ(n). Obtained values are stored in the 
matrices ID and QD which have dimension 
(N + 1)  (M1 + 1) (19): 

 I

Q

( ) ( ) ,

( ) ( ) .

j
ij

j
ij

id xd n i ed n i

qd xd n i ed n i

ID

QD
 (19) 

The part of predistorter circuit, which takes at its 
inputs xdI(n) and xdQ(n) and calculates the elements of 
matrices ID and QD, is given in Fig. 13. The number of 
18 18bit multipliers, utilized by this structure, is 2(M1 + 1). 
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Fig. 13. The part of DPD/IQ architecture which calculates 

elements of matrices ID and QD. 

The circuit operates at clock frequency which is equal to 
data processing rate of 61.44 MS/s. The rest of predistorter 
circuit calculates the predistorter output signals ydI and ydQ 
according to (20–21). The complex valued coefficients (7) 
are shared between the predistorter and postdistorter. The 
real and imaginary parts of complex-valued coefficients, 
denoted with aij, bij, ci and di in (7), are used in (20–21): 

   
1

I 0 0
0 0

,
MN

i i i i ij ij ij ij
i j

yd c id d qd a id b qd  (20) 

   
1

Q 0 0
0 0

.
MN

i i i i ij ij ij ij
i j

yd d id c qd a qd b id  (21) 

The number of multiplication operations in (20–21) is 
4(N1 + 1) (M1 + 2). The operations in (20–21) use 18-bit 
arithmetic precision and they are optimized by multiplex-
ing input data. The circuit operates at clock frequency of 
122.88 MHz which is two times greater than the data pro-
cessing rate. The number of multipliers is reduced two 
times compared to the number of multiplication operations 
and it is equal to 2(N1 + 1) (M1 + 2). The total number of 
multipliers used for implementation of DPD/IQ predistorter 
is equal to 2(N1 + 1) (M1 + 2)+2(M1 + 1). 

The predistorted signal is converted into an analogue 
signal by transceiver IC DAC and it is up-converted to RF. 
Frequency down conversion from RF to BB is imple-
mented by IC receive chain, which is allocated as DPD/IQ 
monitoring path in Fig. 12. Table 2 gives the information 
about FPGA resources occupied by digital blocks which 
belong to one transmit path. 

The software application is developed in C/C++ 
which runs on CPU core and completes several functions. 
First, it is used for transceiver IC calibration and control. 
 

Resources 
Adaptive

logic 
module 

Adaptive 
look-up 
tables 

Dedicated 
logic 

registers 

DSP 
block 

Block 
memory 

bits 
CFR 2322 2445 3947 14 3401 

Post-CFR 
FIR 1519 1546 2768 10 1920 

Interpola-
tion block 1083 1745 1887 0 240 

DPD/IQ 
predistorter 3817 3180 7560 46 0 

Tab. 2. The utilized Altera Cyclone V FPGA resources.  

Then, it implements graphical display presenting important 
DPD/IQ signals. Finally, the postdistorter operations are 
executed by the same application. Beside the predistorter, 
additional circuits are created in FPGA to support the 
training process. The circuits include data capture RAM 
blocks which store I/Q samples of two signals: the yd(n), 
which is obtained at the output of predistorter block, and 
the x(n) which is obtained at the output of monitoring path 
(depicted in Fig. 12). Data streams of signals x(n) and 
yd(n) consist of 16384 consecutive I/Q samples. Data is 
periodically read from capture blocks and sent from FPGA 
to PC. Based on information received from SDR board, 
software application calculates new coefficients. Specifi-
cally, the application executes the operations given by (16) 
and (17). In every training step, new elements of matrices 
R(n) and r(n) are calculated and the system of linear equa-
tions, given by (18), is solved. The result is the vector s(n) 
which contains new DPD/IQ coefficients. At the end of 
each training cycle, the coefficients are sent to FPGA over 
PCIe/SPI and programmed into the registers dedicated to 
predistorter coefficients. The PA and I/Q imbalance im-
pairments change slowly with temperature drift and com-
ponent aging. Additionally, the number of mathematical 
operations is reduced because of reduced coefficients set. 
The postdistorter operations are realized as low-priority 
background tasks, which are repeated after time interval of 
several seconds.  

In the measurements the transceiver IC central fre-
quency is tuned to LTE Band 13 frequency of 751 MHz. 
Moderate output power broadband PA is used [24]. The 
PA supply voltage is intentionally decreased from nominal 
5 V to 3.6 V, reducing the PA 1 dB compression point to 
6 dBm. In the measurements, static I/Q calibration proce-
dure of the transceiver IC is intentionally bypassed in order 
to assess the DPD/IQ performance in the presence of static 
I/Q imbalance. The PA output is over coupler and attenu-
ator circuits fed to the transceiver receive input for the 
realization of DPD/IQ monitoring path. 

5.1 Test Case 1: The 10 MHz and 20 MHz 
LTE Test Model 3.1 
In the test case 1 the 10 MHz and 20 MHz E-TM 3.1 

LTE are applied. The PAPR of original waveforms are 
10.6 dB and 10.4 dB, respectively.  

When CFR is employed, the PAPR is reduced down 
to 8 dB, creating EVM of 2%. After the linearization process 
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Fig. 14. The spectra of PA output signals when 10 MHz LTE 

Test Model 3.1 is applied. Signals are obtained in 
cases with and without using the DPD/IQ. 
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Fig. 15. The spectra of PA output signals when 20 MHz LTE 

Test Model 3.1 is applied. Signals are obtained in 
cases with and without using the DPD/IQ. 

 

 10 MHz LTE 20 MHz LTE 
 No DPD DPD/IQ No DPD DPD/IQ 

Channel power [dBm] 6.79 6.72 6.73 6.74 
ACPR [dBc] –40.4 –51.8 –39.7 –48.6 

EVM [%] 3.2 2.2 3.6 2.2 
PAPR [dB] 10.32 8.3 10.6 8.3 

Tab. 3. The measured ACPR, EVM and PAPR for 10 MHz 
and 20 MHz LTE signals. 

is done, the PA output power is preserved at the same level 
of P_out = 6.7 dBm as before any DPD/IQ processing is 
performed. The comparison of spectra of PA output signal, 
in cases with and without DPD/IQ, is given in Figs. 14 and 
15 for 10 MHz and 20 MHz E-TM 3.1 LTE waveforms, 
respectively. The results in terms of ACPR, EVM and 
PAPR are given in Tab. 3. 

5.2 Test Case 2: Asymmetrical Ten-tone 
Signal 
In order to evaluate the performance of DPD/IQ  

in IQI mitigation, asymmetrical positive-band ten-tone input 
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Fig. 16. The spectra of signals obtained at PA output when ten-

tone is applied. 
 

f [MHz] –10 –9 –8 –7 –6 

IRR[dB] 
DPD off 37.2 37.1 38.3 38.5 37.6 
DPD/IQ on 48.9 50.4 52 52.8 51.6 

 
f [MHz] –5 –4 –3 –2 –1 

IRR[dB] 
DPD off 41.3 42 37.5 41.4 37 
DPD/IQ on 52.6 53.5 49.8 48.5 47.8 

Tab. 4. IRR at negative frequencies for ten-tone waveform. 

waveform is used. The output power of ten tone test signal 
is equal to 3.5 dBm. The input waveform is modified by 
CFR block. The PAPR of the waveform is decreased by 
2 dB. Figure 16 illustrates the results of DPD/IQ operation 
by showing power spectral densities of PA output with and 
without using DPD/IQ. The IRR values, measured at nega-
tive BB frequencies, are given in Tab. 4. After DPD/IQ is 
employed, the IRR is increased to 50 dB. 

5.3 Test Case 3: The 5 MHz LTE Low-IF 
Signal 
In test case 3 the 5 MHz LTE low-IF is used. The 

power spectral densities of PA output signals are given in 
Fig. 17.  Three cases are considered:  when DPD is bypassed, 
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Fig. 17. Spectra of signals obtained at PA output when 5 MHz 

low-IF LTE waveforms is applied. 
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Condition 
Main 

channel 
power [dBm] 

Lower adjacent 
ACPR [dBc] 

Upper 
adjacent 

ACPR [dBc] 
No DPD 6.46 –36.38 –42.11 
DPD [23] 6.5 –37.57 –54.76 
Proposed 
DPD/IQ 6.45 –50.92 –54.44 

Tab. 5. The ACPR in case when 5 MHz low-IF LTE wave-
form is transmitted. 

when DPD is used without I/Q corrector (the model is 
described in [23]), and in the third case, when DPD with 
I/Q corrector is applied. When DPD is used without I/Q 
corrector, PA output exhibits strong IQI images. The utili-
zation of DPD/IQ gives very good suppression of IQI 
images. The ACPR results are given in Tab. 5. In lower 
adjacent channel DPD/IQ reduces the ACPR by 14.5 dBc. 
In upper adjacent channel the ACPR is reduced by 
12.2 dBc. The main channel power is preserved at the same 
level as before DPD/IQ is applied. 

6. Discussion 
The DPD/IQ provides low complexity in terms of re-

duced number of complex-valued coefficients. This is 
accomplished by several methods, first, by choosing even 
order terms only form for the envelope function realization 
(8). Discrimination of even order terms speeds up the exe-
cution of postdistorter operations by eight times as com-
pared to the speed of the full MP [25]. Despite reduced 
number of coefficients, the odd order only MP model 
achieves similar linearization performance as a full order 
MP [25].   

The proposed model is similar to the one proposed by 
Refs. [13], [18]. References [13], [18] present functions 
which are optimized to ensure orthogonality; the present 
work uses more conventional MP basis function. Another 
difference is in complex conjugated DPD/IQ part, which in 
Refs. [13], [18] is realized by nonlinear PH models, while 
in the proposed model it is implemented by linear FIR. In 
DPD/IQ, the nonlinearities of the PA and I/Q modulator 
are compensated by non-conjugate DPD block, defined by 
MP parameters M1 = 2 and N1 = 4 (6). Linear I/Q corrector, 
implemented as a FIR filter, is applied specifically for IQI 
mitigation. The utilization of FIR block for I/Q corrector 
additionally reduces the number of complex valued coeffi-
cients. Besides, the realization in FPGA is simplified by 
choosing the FIR length N2 to be equal to the memory 
length N1. The number of complex-valued coefficients is 
(N1 + 1)×(M1 + 2) = 20. For comparison, the numbers of 
complex valued coefficients of the models presented in 
[20] and [13] are 34 and 41, respectively. Decreased num-
ber of coefficients enables savings of FPGA resources, 
which makes DPD/IQ more suitable for realization in SDR 
FPGA than methods presented in [13], [18]. It is worth 
mentioning that beside predistorter, the other digital blocks 
are also required in transmitter paths, such as CFR and 
post-CFR FIR filters. For implementation of these digital 

blocks significant amount of FPGA resources is also re-
quired [23]. 

Simulation and measurement results demonstrate 
DPD/IQ capability of efficient PA linearization without 
sacrificing PA output power. The DPD/IQ, supported by 
CFR, enables efficient operation in the region near PA 
1 dB compression point. As the result of CFR employment, 
the PAPR of LTE waveforms is reduced to 8 dB. In cases 
of LTE test model 3.1 10 MHz and 20 MHz, in-band signal 
distortion is created and EVM is increased to 2%. The 
advantage of DPD/IQ utilization is that transceiver’s static 
I/Q calibration procedure is not required and can be 
omitted.  

In simulations we analyzed the impact of ADC/DAC 
resolution on DPD/IQ performance. The resolution value 
R = 12 has been adopted because it yields the IRR greater 
or equal than 50 dB. As a consequence of this, the SDR 
board is chosen with 12-bit internal ADCs and DACs [22]. 
As far as IQI is concerned, the challenging test cases were 
those that apply 5 MHz LTE low-IF and ten-tone wave-
forms. In different test cases the IQI effects are observed 
and analyzed for negative image frequencies. Also, the 
method gives satisfactory results if IQI is present at posi-
tive frequencies. The measurement results, which are pre-
sented in Tab. 4, confirm the accuracy of the simulation 
results, which are given in Fig. 9. When asymmetrical ten-
tone signal is used as input waveform, the DPD/IQ 
achieves the IRR value that is equal to 50 dB (Tab. 4). The 
output of uncompensated PA contains significant IQI im-
ages (Fig. 17). The amount of IQI increases with transmit-
ter’s LO frequency (Fig. 6) [22]. The MP DPD from [23] 
can compensate PA nonlinearity but cannot be used for IQI 
mitigation (Fig. 17). The linearization is achieved by 
DPD/IQ, which effectively reduces the PA nonlinearity, 
memory and IQI effects. In case of 5 MHz LTE low-IF 
waveform, the ACPR of PA output signal is decreased by 
14.5 dBc. The obtained results are comparable with the 
results found in [13], [15]. The PA/IQ PD method from 
[13] yields 15–20 dBc improvement in ACPR compared to 
the uncompensated case. In [16] the compensation of I/Q 
imbalance improves the IRR over 45 dB. When ten-tone 
waveform is applied, the DPD yields increase in IRR by 
10–15 dB [16].  
 

Model Ref. 
[13] 

Ref. 
[27] 

Ref. 
[28] Proposed 

Memory order 3 3 3 4 
Nonlinearity order 9 9 9 7 
Number of complex-
valued coefficients 80 184 212 25 

Waveform 
bandwidth [MHz]  50 10 

Sample rate [MS/s] 400 61.44 
Modulated P_out 
[dBm] 43 28 

ACPR 
[dBc] 

DPD off –34.54 –34 
DPD on –52.40 –52.81 –53.76 –49.0 

Tab. 6. Performance comparison of different methods.  
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The DPD/IQ has been used for linearization of PAs 
with advanced architecture [26] and power added effi-
ciency of 35%. In this case the broadband PA [24] is used 
as pre-driver. However, the DPD/IQ nonlinearity order is 
increased to efficiently compensate PA nonlinearities. 
DPD/IQ is employed with parameters N1 = 4 and M1 = 3. 
Because the even order terms form is chosen for the enve-
lope realization, M1 = 3 corresponds to full MP nonlinearity 
order equal to value of 7. The number of complex valued 
coefficients is increased to 25 and the number of 18 18 
multipliers is 58. For input waveform LTE 10 MHz Test 
model 3.1, central frequency of 2140 MHz and selected 
PAPR value equal to 8 dB, the ACPR of PA output signal 
is reduced from starting point of –34 dBc down to  
–49 dBc. The output power is preserved at the same level 
of 28 dBm as before DPD/IQ was applied. The PAPR is re-
duced down to 8 dB and EVM is equal to 2%. The fol-
lowing methods for the joint compensation of I/Q imbal-
ance and PA nonlinearity are found in literature and used 
for comparison with the proposed method: the PA/IQ PD 
model [13], the conjugated generalized MP model [27] and 
the three-input nonlinear model from [28]. The results for 
these methods, given in Tab. 6, are taken from [28].  

When comparing the obtained results with the results 
from literature test-bed conditions cannot be neglected, 
such as the number of bits of the waveforms, the DPD/IQ 
data rate and DAC/ADC resolution. In the literature the 
results are obtained using laboratory equipment that relies 
on high-performance VSG and where all pre-distorter 
operations are realized by MATLAB software. The 
methods which results are given in Tab. 6 have much 
larger complexity in terms of number of coefficients, and 
therefore, are not adapted for use in FPGA. In our case, 
performance of DPD/IQ is assessed after it is implemented 
in low-cost SDR board which is part of RF BS. The reso-
lutions of waveforms and ADC/DACs, located in trans-
ceiver IC, are limited to 12 bits. Also, the DPD/IQ data rate 
is 61.44 MS/s. 

7. Conclusion 
In this paper the effects of I/Q imbalance and PA 

nonlinearity in wireless transmitters is considered. The low 
complexity method is proposed for impairments mitigation. 
The DPD/IQ yields linearization results comparable to 
conventional DPD solutions while reducing the number of 
complex-valued coefficients. The IQI images are sup-
pressed almost down to the noise floor without sacrificing 
the PA output power. Low complexity feature enables 
implementation in SDR boards which are suitable for reali-
zation of low-cost LTE base stations. The results which are 
presented in the paper are obtained after the predistorter 
has been implemented in a SDR-based BS. The DPD/IQ 
performance was analyzed using LTE type of waveforms 
and multi-tone signals. In case of 5 MHz LTE low-IF the 
ACPR is improved for 15 dBc; in case of ten-tone wave-
form the IRR improvement of 10–15 dB is achieved. When 

10 MHz and 20 MHz LTE signals are transmitted, the 
improvement in ACPR is greater than 15 dBc. The devel-
opment of a method that jointly compensates I/Q impair-
ments, PA nonlinearity and crosstalk effects which appear 
in multi-branch and multi-frequency MIMO wireless 
transmitters is envisaged for future work. 

Acknowledgments 

This research was funded by The Ministry of 
Education, Science and Technological Development of 
Republic of Serbia under contract No. TR32004. 

References 
[1] EUN, C., POWERS, E. J. A new Volterra predistorter based on the 

indirect learning architecture. IEEE Transactions on Signal 
Processing, 1997, vol. 45, no. 1, p. 223–227. DOI: 
10.1109/78.552219 

[2] CAVERS, J. K. Amplifier linearization using a digital predistorter 
with fast adaptation and low memory requirements. IEEE 
Transactions on Vehicular Technology, 1990, vol. 39, no. 4, 
p. 374–382. DOI: 10.1109/25.61359 

[3] KANTANA, C., BAUDOIN, G., VENARD, O. Thresholds 
optimization of decomposed vector rotation model for digital 
predistortion of RF power amplifier. Radioengineering, 2021, 
vol. 30, no. 1, p. 250–258. DOI: 10.13164/re.2021.0250 

[4] KESHAVARZ, R., MOHAMMADI, A., ABDIPOUR, A. 
Linearity improvement of a dual-band Doherty power amplifier 
using E-CRLH transmission line. AEU - International Journal of 
Electronics and Communications, 2021, vol. 131, p. 1–7. DOI: 
10.1016/j.aeue.2020.153584 

[5] JIANG, T., WU, Y. An overview: Peak-to-average power ratio 
reduction techniques for OFDM signals. IEEE Transactions on 
Broadcasting, 2008, vol. 54, no. 2, p. 257–268. DOI: 
10.1109/TBC.2008.915770 

[6] FAULKNER, M., MATTSSON, T. Spectral sensitivity of power 
amplifiers to quadrature modulator misalignment. IEEE 
Transactions on Vehicular Technology, 1992, vol. 41, no. 4, 
p. 516–525. DOI: 10.1109/25.182604 

[7] LIU, C. L. Impacts of I/Q imbalance on QPSK-OFDM-QAM 
detection. IEEE Transactions on Consumer Electronics, 1992, 
vol. 44, no. 3, p. 984–989. DOI: 10.1109/30.713223 

[8] CAVERS, J. K. New methods for adaptation of quadrature 
modulators and demodulators in amplifier linearization circuits. 
IEEE Transactions on Vehicular Technology, 1997, vol. 46, no. 3, 
p. 707–716. DOI: 10.1109/25.618196 

[9] MARSALEK, R., GOTTHANS, T., HARVANEK, M., et al. On 
the sensitivity of digital predistortion to impairments of time-in-
terleaved A/D converters. In Proceedings of the 28th International 
Conference Radioelektronika. Prague (Czech Republic), 2018, 
p. 1–4. DOI: 10.1109/RADIOELEK.2018.8376377 

[10] TARIGHAT, A., SAYED, A. H. MIMO OFDM receivers for 
systems with IQ imbalances. IEEE Transactions on Signal 
Processing, 2005, vol. 53, no. 9, p. 3583–3596. DOI: 
10.1109/TSP.2005.853148 

[11] VALKAMA, M., RENFORS, M., KOIVUNEN, V. Compensation 
of frequency-selective I/Q imbalances in wideband receivers: 



154 B. JOVANOVIC, S. MILENKOVIC, TRANSMITTER IQ IMBALANCE MITIGATION AND PA LINEARIZATION IN SDR 

 

Models and algorithms. In Proceedings of 2001 IEEE Third 
Workshop on Signal Processing Advances in Wireless 
Communications. Taiwan, 2001, p. 42–45. DOI: 
10.1109/SPAWC.2001.923837 

[12] DING, L., MA, Z., MORGAN, D. R., et al. Compensation of 
frequency-dependent gain/phase imbalance in predistortion 
linearization systems. IEEE Transactions on Circuits and Systems 
I, 2008, vol. 55, no. 1, p. 390–397. DOI: 
10.1109/TCSI.2007.910545 

[13] ANTTILA, L., HÄNDEL, P., MYLLÄRI, O., et al. Recursive 
learning based joint digital predistorter for power amplifier and I/Q 
modulator impairments. International Journal of Microwave and 
Wireless Technologies, 2010, vol. 2, no. 2, p. 173–182. DOI: 
10.1017/S1759078710000280 

[14] CAO, H., SOLTANI TEHRANI, A., FAGER, C., et al. I/Q 
imbalance compensation using a nonlinear modelling approach. 
IEEE Transactions on Microwave Theory and Techniques, 2009, 
vol. 57, no. 3, p. 513–518. DOI: 10.1109/TMTT.2008.2012305 

[15] ZHAN, P., QIN, K., CAI, S. Joint compensation model for 
memory power amplifier and frequency-dependent nonlinear IQ 
impairments. Electronics Letters, 2011, vol. 47, no. 25,  
p. 1382–1384. DOI: 10.1049/el.2011.2996 

[16] KIM, M., MARUICHI, Y., TAKADA, J. I. Parametric method of 
frequency dependent I/Q imbalance compensation for wideband 
quadrature modulator. IEEE Transactions on Microwave Theory 
and Techniques, 2013, vol. 61, no. 1, p. 270–280. DOI: 
10.1109/TMTT.2012.2228215  

[17] LI, W., ZHANG, Y., HUANG, L. K., et al. Self- IQ-demodulation 
based compensation scheme of frequency-dependent IQ imbalance 
for wideband direct-conversion transmitters. IEEE Transactions on 
Broadcasting, 2015, vol. 61, no. 4, p. 666–673. DOI: 
10.1109/TBC.2015.2465138 

[18] VOET, K., HANDEL, P., BJORSELL, N., et al. Mirrored parallel 
Hammerstein predistortion for multitone generation. In 
Proceedings of IEEE International Instrumentation and 
Measurement Technology Conference. Hangzhou (China), 2011, 
p. 1–4. DOI: 10.1109/IMTC.2011.5944045 

[19] MKADEM, F., FARES, M. C., BOUMAIZA, S., et al. Complexity 
reduced Volterra series model for power amplifier digital 
predistortion. Analog Integrated Circuits and Signal Processing, 
2014, vol. 79, no. 2, p. 331–343. DOI: 10.1007/s10470-014-0266-4 

[20] AZIZ, M., RAWAT, M., GHANNOUCHI, F. M. Low complexity 
distributed model for the compensation of direct conversion 
transmitter’s imperfections. IEEE Transactions on Broadcasting, 
2014, vol. 60, no. 3, p. 568–574. DOI: 
10.1109/TBC.2014.2343071 

[21] KHAN, Z. A., ZENTENO, E., HÄNDEL, P., et al. Digital 
predistortion for joint mitigation of I/Q imbalance and MIMO 
power amplifier distortion. IEEE Transactions on Microwave 
Theory and Techniques, 2017, vol. 65, no. 1, p. 322–333. DOI: 
10.1109/TMTT.2016.2614933 

[22] LIMEMICROSYSTEMS, UK. Limesdr qpcie, 2019. [Online] 
Available at: https://wiki.myriadrf.org/LimeSDR-QPCIe 

[23] JOVANOVI , B., MILENKOVI , S. PA linearization by digital 
predistortion and peak to average power ratio reduction in software 
defined radios. Journal of Circuits Systems and Computers, 2020, 
vol. 29, no. 9, p. 1–19. DOI: 10.1142/S0218126620501479 

[24] MAXIM INTEGRATED, MAX2616 PA. [Online] Available at: 
https://www.maximintegrated.com/en/products/comms/wireless-
rf/MAX2616.html 

[25] MESSAOUDI, N., FARES, M., BOUMAIZA, S., WOOD, J. 
Complexity reduced odd-order memory polynomial predistorter for 
400-watt multi-carrier Doherty amplifier linearization. In 
Proceedings of 2008 IEEE MTT-S International Microwave 
Symposium. Atlanta (GA, USA), 2008, p. 419–422. DOI: 
10.1109/MWSYM.2008.4633192 

[26] SKYWORKS. SKY66294 PA. [Online] Available at: 
https://www.skyworksinc.com/Products/Amplifiers/SKY66394-11 

[27] AFSARDOOST, S., ERIKSSON, T., FAGER, C. Digital 
predistortion using a vector-switched model. IEEE Transactions 
on Microwave Theory and Techniques, 2012, vol. 60, no. 4, 
p. 1166–1174. DOI: 10.1109/TMTT.2012.2184295 

[28] YAO, Y., JIN, Y., LI, M., et al. An accurate three-input nonlinear 
model for joint compensation of frequency-dependent I/Q 
imbalance and power amplifier distortion. IEEE Access, 2019, 
vol. 7, p. 140651–140664. DOI: 10.1109/ACCESS.2019.2944025 

About the Authors ... 
Borisav JOVANOVI  was born in 1979 in Niš, Republic 
of Serbia. He received his Ph.D. degree from the Dept. of 
Electronics, Faculty of Electrical Engineering, University 
of Niš, Serbia, in 2016, which is entitled with “Advanced 
Methods of Designing Digital Integrated Circuits in Na-
nometer Technologies with Special Emphasis on Speed, 
Static and Dynamic Consumption”. His current research is 
focused on digital techniques for predistortion and correc-
tion of static and dynamic I/Q imbalance of 4G and 5G RF 
transmitters. 

Sr an MILENKOVI  was born in 1962 in Leskovac, 
Republic of Serbia. He received his Ph.D. degree from the 
Dept. of Electronics, Faculty of Electrical Engineering, 
University of Niš in 1996 and his Ph.D. thesis deals with 
artificial neural networks. His research is focused on de-
sign of software radio defined telecommunication systems. 

 


