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Abstract. A method for compensation of frequency-
selective (FS) in-phase/quadrature (IQ) imbalance of
a wideband transceiver is proposed in the paper. It is dedi-
cated for implementation in software defined radio (SDR)
cellular base stations. Both transmitter (TX) and receiver
(RX) IQ impairments are corrected by complex valued
finite impulse response (FIR) filters which are designed
based on previously found imbalance correction models.
The compensation performance is assessed after the
method was implemented in the SDR platform capable of
transmitting signals at different central frequencies. At
frequencies higher than 3 GHz measured 1Q gain and
phase error functions exhibit asymmetrical characteristic.
In order to reduce the level of asymmetry, adopted 1Q gain
correction model incorporates odd polynomial elements
while the phase correction model includes even polynomial
parts. Regardless of utilized central frequency IQ impair-
ments are efficiently compensated. The advantage of the
proposed method is low complexity. The method doesn't
require specialized hardware for calibration, instead, it
uses the RF loopback. At central frequency of 3.5 GHz,
transmitter image rejection ratio (IRR) is increased from
20 dBc to 45-50 dBc by applying the proposed method.
After receiver imbalance is compensated, the improvement
in IRR of more than 25 dBc is achieved.

Keywords

Frequency selective 1Q imbalance, transmitter, re-
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1. Introduction

In ideal case, quadrature mixing in radio frequency
(RF) transceivers completely suppresses image frequency
components [1], [2]. In-phase/quadrature (IQ) imbalances,
caused by degraded symmetry between 1 and Q signal
paths, reflect in the path's unequal frequency responses.
Uneven amplitudes of quadrature mixer local oscillator
(LO) signals, and their phase shift, which is not equal to 90
degrees, additionally contribute the imbalance. It is proven
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that even with careful RF transceiver design only 30 to
40 dBc of image suppression can be achieved [1], [3].

The utilization of a static 1Q imbalance (IQI) mitiga-
tion method is sufficient for calibration of narrowband
transceivers. When wideband waveforms are transmitted
the 1QI becomes frequency selective (FS) and more com-
putationally complex methods are required for compensa-
tion. The IQI mitigation is an important part of fifth gener-
ation (5G) transceiver design. Imbalance deteriorates the
error vector magnitude (EVM) for which the 5G standards
have strict requirements [4].

This paper presents a novel IQI reduction method
which is dedicated to wideband transceivers. Both receiver
and transmitter IQI are corrected. The method is imple-
mented in a software defined radio (SDR) board. The uti-
lized SDR supports different multi communication stand-
ards, frequency carriers and channel bandwidths. The par-
ticular requirement of the SDR is to transmit modulation
waveforms having 100 MHz bandwidth while operating at
3.5 GHz central frequency. Initial SDR board measure-
ments revealed significant 1Q imbalance and emphasized
the necessity for efficient IQI compensation method. Novel
1QI reduction method is developed, realized using complex
valued digital filters which are added to the digital base-
band processing blocks. Steps for IQI mitigation are thor-
oughly described, starting from mathematical models to
a complete realization in the SDR.

This paper is organized as follows. Related work is
given in the following section. In Sec. 3, the method is
described. In Sec. 4, implementation is presented followed
by measured results. Section 5 is dedicated for discussion.
The conclusion is drawn in the last section.

2. Related Work

The IQI includes the contributions from the analogue-
to-digital converter (ADCs), digital-to-analogue converters
(DACs), the analogue low-pass filters (LPFs), as well as
the signal paths [3]. Refs. [5—7] investigate the mismatches
between LPFs of I and Q signal paths as a source of the FS
imbalance. In order to equalize the LPF frequency re-
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sponses, additional feedback path, consisting of ADC, is
embedded to the transceiver design. The feedback path
returns the transmitter output signal to the baseband pro-
cessing unit for IQI identification [6], [7]. The imbalance is
mitigated using digital filters which are added to the digital
baseband processing blocks [5], [7]. In [7] the test se-
quence is transmitted and fed back, while the operations
are performed at transceiver start-up. The least squares
(LS) optimization method is employed to minimize the
difference between the desired filter response and the
measured one. The reference [6] extends the operation of
IQI correction circuits of [7] in order to be adaptive. Also,
the imbalance is neutralized during transceiver operation.
In [8], [9] the LS time domain approach is used for trans-
mitter impairments identification. The impairments are
reduced in the baseband using complex-valued finite im-
pulse response (FIR) filters.

The IQI is detrimental to the digital predistortion
(DPD) performance [10]. Many publications combine the
IQI reduction with DPD power amplifier (PA) lineariza-
tion. Such methods extend the parallel Hammerstein struc-
ture [11], Volterra series model [12] and asymmetrical
complexity-reduced Volterra series model [13] to reduce
both the transmitter 1Q imbalance and PA nonlinearities.
Impairments are cancelled using the complex-valued filters
and DPD monitoring paths [10—13]. Although efficient,
methods suffer from an increase in computational com-
plexity of complex-valued filters compared to independent
IQI compensation [14].

The IQI calibration algorithms can be divided into
training sequence methods and blind methods according to
whether the test signals are generated during calibration.
Blind calibration does not require special test signals. In-
stead, it exploits the inherent characteristics of the received
signal to calculate the imbalance parameters. Blind calibra-
tion can be based on blind source separation (BSS) tech-
niques [15] and on signal statistical characteristics [15], [16].

The authors of [17] proposed a new adaptive algo-
rithm for imbalance neutralization of receivers, which is
based on backward blind source separation (BBSS) struc-
ture and the fast Newton transversal filter (FNTF) tech-
nique. In [18] a blind calibration method is applied for
receiver’s imbalance reduction. The frequency-domain
statistical characteristics of the received signal are used for
the construction of the classification rule that estimates the
imbalance parameters. A real-valued digital filter is added
to I component path to cancel the IQI. For method valida-
tion the gain and phase imbalances are generated using
mismatched data. Reference [19] corrects the 1Q impair-
ments of an arbitrary waveform generator. The solution is
based on a complex-valued filter whose structure is
adopted from [9]. Method performance is assessed by la-
boratory measurements where the RF signal is acquired by
high-performance oscilloscope and uploaded to a PC for
IQI estimation. Reference [20] presents the 1Q calibration
method for ultra-wideband SDR zero-IF receivers, based
on utilization of complex valued filters. The receiver has

been equipped with an additional RF signal generator pro-
ducing single tone test signals. Reference [21] utilizes the
cross-power spectrum between I and Q signals to cancel
the linear phase IQI consisting of the time delay deviation
and the LO phase offset. The IQ amplitude mismatch and
phase mismatch are reduced separately. The previous work
[22] is based on memory polynomial DPD which jointly
compensates transmitter IQI and PA nonlinearities. Trans-
mitted signal bandwidth is limited by DPD operation which
requires that the DAC/ADC sampling frequency is at least
five times greater than the signal bandwidth. The maximum
signal bandwidth of 20 MHz is achieved [22].

The methods found in literature are mostly validated
in laboratory using test equipment that relies on high-
performance instruments and state-of-the-art transceiver
development boards. Also, the captured signals are im-
ported to MATLAB where algorithms are carried out.

The main contributions of the proposed method are:

e 1Q imbalance calibration method, dedicated for wide-
band transceivers, utilizes the test tones and has ad-
vantage that both transmitter and receiver are com-
pensated in the same process.

e Beside the IQ imbalance compensation, amplitude
responses are flattened. Impairments are compensated
for 100 MHz signal bandwidth.

e The method was successfully implemented in a SDR
board capable of transmitting waveforms at different
LO frequencies. The measured results showed that at
frequencies higher than 3 GHz the IQ gain and phase
error functions exhibit asymmetrical characteristic.
The imbalance is mitigated using complex-valued fil-
ters [9], [19]. Regardless of selected LO frequency,
and the level of asymmetry in 1Q imbalance func-
tions, the IQ impairments are efficiently compensated.

e The method doesn't require specialized hardware for
calibration; it uses the RF loopback instead.

3. Method for IQ Imbalance Correc-
tion

3.1 The Polynomial Models of Gain, 1Q Gain
and Phase Imbalance

Exposed to the source of IQI, the complex-valued
signal x(n), composed of quadrature components xi(n) and
xq(n), is transformed into y(n), consisting of components
denoted with yi(n) and yo(n):

y,(n) =x,(n)-G(w)cos(own + ¢, (w)), (1
Vo (n) =x,(n)- Gy (@) sin(wn + @, (w)).

We denote the gain of the I and Q channels as Gi(w)
and Go(w), respectively. gi(w) and po(w) are correspond-
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ing channel phases.  is the normalized angular frequency
given by:
w=27lc @
S

where fc is the signal carrier frequency and fs is the sam-
pling frequency. Transceiver’s amplitude response should
be a constant value, at least in the pass-band of interest.
The amplitude function Gi(w) is taken for a gain function,
denoted with g(w). With the increase of signal bandwidth,
and also, with the increase of the transceiver's LO central
frequency, the g(w) becomes frequency dependent and
improvement of g(w) flatness is required.

The IQI is described via imbalance gain and phase
functions. The IQI gain function y(w) is defined by [1]:

(@)= Go (@) (3)

The phase imbalance g(w) is defined as the difference
between [ and Q component phases [1]

p(w) = ¢ (0) - @y (). 4)

The imbalance has a significant impact on the trans-
ceiver performance, which leads to the incomplete image
signal rejection. For quantification of 1QI effects the image
rejection ratio (IRR) can be used. The IRR is defined as the
ratio between the intermediate-frequency (IF) signal ampli-
tude, produced by the desired input frequency and signal
amplitude generated by the image frequency. For a given
y(w) and @(w), the IRR is equal to [1]:

L4y (o) +2y(@)cosp(0)

IRR(a))lelog 5
1+y (@) -2y (w)cosp(w)

With increase of signal bandwidth, y(w) and ¢(w) be-
come FS and IQI must be neutralized in the baseband using
digital filters. This is the approach we follow. However,
the filter design can be simplified when polynomial models
for g(w), y(w) and ¢(w) are designed first. Namely, many
points of the desired filter amplitude and group delay re-
sponses will not be measured. Instead, they are calculated
based on previously found models g(w), y(w) and ¢(w).
The advantage of this approach resides in reduced number
of measurement points which speeds up the filter design
and whole calibration process.

The circuits with real valued components have posi-
tive symmetrical amplitude response around the DC, and
also, negative symmetrical phase response [2]. In this case,
y(w) is constrained to be an even polynomial of w, while
o(w) (after removal of the DC phase offset) an odd poly-
nomial. The correction circuits can be constructed using
two real valued digital filters which are positioned in I and
Q signal paths. However, in the RF, the symmetry may be
degraded. It was seen by measurements that utilized SDR
transceiver reveals asymmetric p(w) and ¢(w). To over-

come this, the operation of complex-valued filters is re-
quired [9].

The amplitude response g(w) of the circuit with real
valued components is modeled by even function:

g(w)=a,+a,0" +a,0". (6)
Symmetric form for IQI gain is given by:
Vewen (@) = by +b,0° +b,00". (7
The asymmetric gain 1QI function y(w) is:
7 (@) =b, +bw+b,0’ +bw’ +b,w". ®)

The symmetric phase imbalance function is modeled
with odd polynomial:

Doda (a)):co +cla)+c3a)3. (€)]

The phase 1QI model is modified to have asymmetric
form:

p(®)=c, +qo+c,0" +co’ +c,0". (10)

The coefficients with index zero in the polynomials
given by (6-10) represent the static gain and phase values.
While static gain IQI is taken into account by desired am-
plitude responses, static phase imbalance is omitted from
desired phase responses and is cancelled by a static phase
correction block.

In order to find the g(w), y(w) and ¢(w) coefficients
sets of measurements are performed at angular frequencies
w;, i =0,1,...,N, uniformly distributed over baseband band-
width range. The frequency values are selected on both
sides around the DC. For each w;, the values for g;, v;and
¢; are determined. The method for g;, y; and ¢; calculation
will be explained later in detail in the implementation sec-
tion. Based on measured values g;, v; and ¢;, the polynomial
coefficients are calculated after mean square error (MSE) is
minimized between measured data and polynomial models.
The g(w) coefficients are found after the following system
of equations is solved:

So 52 Sy || 4 N N N T
2 4
o< Feor Teof|. a1
i=0 i=0 i=0
S, S Sg || a4
The elements s; are defined as:

N .
s, =) . (12)

J i
i=0

Similarly, the y(w) and ¢(w) coefficients are found
after systems of equations given by (13), (14) are solved:

,,,,,,
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3.2 The FIR Filter Specification

The block diagram of the circuit dedicated for 1Q cor-
rection is depicted in Fig. 1. The correction scheme is
based on a complex FIR filter adopted from [9]. The circuit
is composed of four real valued FIR filters. The FIR II and
FIR _QQ are positioned in I and Q signal paths. The other
two, the FIR 1Q and FIR QI, are located in the cross
paths. The digital filters have length M. Besides, separate
correctors are dedicated for receiver and transmitter 1QI
mitigation.

For the construction of FIR 1Q and FIR QI the digi-
tal differentiator FIR filters are used whose length M is
an odd number. The frequency response of a digital differ-
entiator is given by [23]:

Hdiff(w)zK'ja) (15)

where the parameter K represents its gain. The impulse
response is given by [23]:

X cos(;r(n—a))
n-a
0,n=a

hyise (n)z nra (16)

where a=(M — 1)/2. In an effort to improve amplitude
response linearity the filter coefficients from (16) are modi-
fied by the Hamming window function [23].

In IQI analysis we assume that the signals at the in-
puts X; and Xq (given in Fig. 1) are equal to cos(won) and
sin(won) and the K is a positive value. Also, we assume
that the filters FIR II and FIR QQ are bypassed (their
outputs are delayed for the delay of FIR filters and not
changed in gain and phase).

Using Euler’s complex expansion of cosine and sine
functions, the signals X; and Xq can be represented as
a sum of two components positioned at woand —wo:

1 . 1 .
Xl = COS(COOI’I) = Eexp(Ja)On) +56Xp(—_] a)on), (17)

X, =sin(w,n)= %exp(—ja)on)—%exp(ja)on).

The FIR_IQ modifies X; into Xig, while the FIR_QI
produces at its output Xqi. The graphical representation of
X1, Xq, Xio and Xqi decomposition is shown in Fig. 2. The
Xiq components amplitudes are 0.5Kwo and —0.5Kwo, at wo
and —wo. In the case of Xq they are both equal to 0.5Kw.
The FIR QI increases the gain in I path by 0.5Kw, while
the Q path gain is reduced by the same amount. The gain
imbalance is (1 + Kwo) /(1 — Kwo).

The gain imbalance, induced by FIR _IQ and FIR_QI,
is equalized with the odd gain imbalance function yoq4a(w):
1tk (a))

18
l—a)K(a)). (19

1+y, (@)= 1+bw + b,

IQ imbalance correction
filters

T—— Y1

— Yo

Fig. 1. The IQ compensator architecture.
a) Im b) Im Xt )
=Hgim(CcOSWoN
X,=coswyn fQ it 0
0.5Kwq T -Wo
Re
wo¥  ¥-0.5Kw,
w
c) d)
Im Im _ X
Xo=sinwon /i Xor=Haiw(sinwon)
0.51
(00 o,
Re Re
0.5Ki
wo wq Wo
w +-0.5 o

Fig. 2. The frequency components of a) the FIR IQ input,
b) the FIR_IQ output, ¢) FIR_QI input and d) FIR_QI
output.

K(w) is calculated by:

K(0)- b, +b,0’
2+bo+bw

(19)

The asymmetrical @even(®) 1s corrected by a phase im-
balance produced by a time delay between FIR IQ and
FIR QI impulse responses. Namely, when impulse re-
sponse of FIR QI is delayed relative to the response of
FIR IQ, the signal at I path output is given by:

Y, =cos(wn)+ wK () cos(wn —27mw- delay) =
cos(wn)-(1+ wK () cos(2w-delay)) + (20)
sin(wn)- oK (w)sin(27w - delay).
The introduced phase shift neutralizes the @even(®):
Poven (@) = 0,0 +c,0" =
. @1)
wK (o)-sin (27w delay)
arctan .
1+ @K (@)-cos(27w- delay)

The delay value, expressed in 1/fs units, is calculated
from (21) and it is used for the construction of a fractional
delay (FD) FIR filter [21] whose frequency response is
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denoted with Hiinc(®, delay). The FD filter and digital
differentiator share the same filter length.

The impulse response Asinc(n, delay) is given by [23]:
hy,. (n,delay) =

sin(;z(n—a—delay)) (22)

, n—a—delay#0,
n—a—delay

1, n—a—delay=0.
The amplitude response K(w) from (21) is approxi-

mated by an FIR filter named FIR K. The desired ampli-
tude and phase responses of FIR K are specified by:

AFlRiK(a)) = K(w),
(PFIRJ((CO) =0, 23)
TF]RiK(a)) = 0.

The FIR 1Q and FIR_QI are produced by convolution
of three filters: the digital differentiator, FIR K and FD:

Hypg (@, delay) = jo*K(w)*H_ _(o,0),
H FIR_QI () = jo*K(w)*H  (w,delay).

sinc

sinc

(24)

The odd function @o4a(w) is compensated by FIR II
whose amplitude response contains the inverse of g(w).
The FIR I filter is described by:

1
8Fr 11 (a’) = ma Prr_nn (a)) = Poaa (a)) (25)

The yeven(w) is corrected by FIR_QQ. The amplitude
response of FIR QQ contains the inverse of g(w). The
desired amplitude and phase responses are given by:

_ ]/even (Cl))
g (@)= () (26)

Prr Qo (w) =0.

Splitting the operations for correction of yeven(®) and
@oad(w) between FIR II and FIR_QQ relaxes filter specifi-
cation, and consequently, reduces the number of filtering
taps. By substituting yeven(®) and @oad(®), the FIR 1T ampli-
tude and group delay become:

1
A )= )
r () a, +a,0" +a,0" @7

1 dg, (w) ¢ +3¢,0°
TFIR*H( ):_E do 27

Similarly, the FIR_QQ amplitude and group delay are
specified by:

4 ()= b, +b,&" +b,0"
FIRQQ a, +a,0" +a,0"’ (28)

T oo (@) =0.

3.3 Amplitude and Phase Response, the
Group Delay of FIR Filter

The transfer function of M tap FIR filters is given by:
M-1
H(z)=Y hz*. (29)
k=0
The frequency response of the filter has the form:
H(w)=R(w)-jl (), (30)
while the real and imaginary parts are calculated as:
M-l
R(w)= Z h, cos(kw),
0 (31)
-1
I(@)=)_ h sin(ko).

=

< -

=1

The amplitude and phase of the complex function are:

Iél(oo)zdR(a))2 +I(a))2,

(o) (32)
p(w)=argH ()= —arctanﬁ.
@
Finally, the normalized group delay is given as:
(@)= dp() _ R(@)R (0)+1(w)I, (@) (33)
ow R(a))erI(a))2 ,
M-1
R (@)= hkcos(kw),
= (34)
M-1
I (w) =) hksin(k).

>~

=0

3.4 Iterative Procedure for Coefficients
Calculation

Identical numerical optimization procedures are used
for construction of FIR_K, FIR I and FIR_QQ. The coef-
ficients are determined under two constraints. In the first,
the amplitude response A(w) from (32) should approximate
AFIRiK(CO), AFIRJI(CO) and AFIRiQQ(CO) for filters FIR_K,
FIR II and FIR QQ, respectively. The second constraint
considers the group delay 7(w) from (33) which is made to
be as close as possible to zrr k(®w), 7rr (@) and
7rIR_Qo(@)-

In the signal pass band, P frequency points are se-
lected. Ps— 1 out of band frequency points are chosen as
well and the desired amplitude response is constrained for
A(w). Out-of-band amplitude constraint prevents the result-
ing amplitude response to have large out-of-band gain
which may produce data overflow when the filter is im-
plemented. An arbitrary weighting function A.(w) is used
to control the approximation accuracy in certain frequency
bands. For example, out-of-band Aw(w) can be set to a very
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small value which in turn improves in-band amplitude
response approximation.

Group delay constraint is defined in a similar way.
Here, ©(w) and z.(w) represent target group delay and
group delay weighting function, respectively. The group
delay constraint is defined only for the signal pass band.

Based on the above definitions, the cost function is
constructed to minimize the difference between the desired
response and that measured from I and Q channels respec-
tively.

A 2
:EZ ( )—74(@)- ﬂ)

AA@XA@”—%@”ﬁ

(35)

[\

I=1

There are two more coefficients introduced in (35).
Namely, 4 is the penalty factor which defines relative im-
portance of the amplitude and group delay constraints
while £ is an additional parameter which represents laten-
cy. It is fixed here to (M — 1)/2 and is not changed during
the optimization. The optimization problem defined by (35)
is nonlinear and Davidon-Fletcher-Powell (DPF) method is
used to solve it numerically [24].

The FIR coefficients are stored in the vector h, which
elements are changed in an iterative DPF process.

h(i) =[hG) Iy () Ppry ().

The required DPF partial derivatives are calculated as
follows:

(36)

o & ot ()
ahk _/’t;fw (a)l)(z-(a)]) Td(a)l) ﬁ) ahk (37)
P+PB-1 aA(a)l

The starting vector h(0) has all zero value elements.
The DPF utilizes the identity matrix I which has M x M
dimension. In every iteration I(i) elements are changed; in
the starting point I(0) has all zero elements, except the
elements on the main matrix diagonal which are equal to
one. The gradient function is [24]:

xy@@»{?ﬁ.ﬁln. 2 (38)

Oh, Oh oh,, heh()

In iteration the vector h elements are changed for [24]:
Ah() =h(E+1)—h(i) =—n1Vf(h@)). (39)

The parameter # is calculated from the constraint that
the f(h(i + 1)) is minimized [24]. The change of gradient
function value is [24]:

Ag(i) = Vf (h(i+1)=V/ (h(D) . (40)

The matrix I(7) is updated with [24]:

I(i+1)=1(i)+ (Qgif(v{lg(i).

AhAR"

_ (41)
Ah'Vg

4. Implementation

The IQI correction method is validated through prac-
tical hardware implementation in the LimeSDR QPCle
SDR board [25]. The transceiver, whose 1Q imbalance is
calibrated, is LMS7002M IC [25]. The transceiver covers
the central frequency range of several hundreds of MHz to
3.8 GHz [25]. The PC is equipped with the SDR board
inserted in the peripheral component interconnect express
(PClIe) slot. Beside the SDR, the measurement setup in-
cludes the spectrum analyzer and RF signal generator
which are used in IRR measurements. In the setup the SDR
TX output is connected via RF cable to the input of
Keysight E4440 spectrum analyzer. The Keysight E8267D
signal generator output is connected to RX input of the
SDR board. The signal generator and spectrum analyzer
are not used during the calibration process; they are uti-
lized during IRR measurements.

The software consists of the LimeSuite [25], the soft-
ware implementing digital modulator and the application
dedicated to 1Q calibration. The SDR is configured using
LimeSuite. The configuration files are loaded into
LMS7002M ICs [25], the on-board DAC and ADC sample
rates are set to 245.76 MHz and 122.88 MHz, respectively.
Upon loading the configuration files, the SDR transmitter
and receiver are in uncalibrated state. The software imple-
menting the digital modulator functions generates
100 MHz wideband waveforms at a rate of 122.88 MS/s
and it is explained in [26] in detail.

The SDR board, whose block diagram is depicted in
Fig. 3, includes two transceiver ICs, an Altera Cyclone V
FPGA chip, 14-bit external ADC and DACs [25]. To in-
crease the capacity of a radio link, two-by-two multiple-
input and multiple-output (MIMO) transceiver is imple-
mented on SDR board. The SDR board has many other
options than shown in Fig. 3. For clarity, only minimum
hardware blocks are presented in the figure, which are
relevant for a method description.

The signals, generated by digital modem [26], are fed
into the SDR board via PCle at a rate of 122.88 MS/s and
they are processed by transmit path (TX) signal processing
blocks, as shown in Fig. 3.

An oversampling of factor one is used before the
DACG:s, yielding a data rate of 245.76 MS/s. The data rate is
constrained by DAC rate maximum of 250 MS/s. Transmit-
ted signal bandwidth is 100 MHz and the interpolation
block is required to eliminate unwanted DAC-related sig-
nal images. At the transmit side, the 1Q samples pass
through the signal interpolation block, the TX static IQI and
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LimeSDR-qPCle
Altera Cyclone V FPGA 245.76 MS/s
- TX IQ -
TX static hp. e
(XFIFO[— 245 —»1Q and DC imbalance[| | paC
- -’01 corrector [ “°H g
A MS/s MS/s filters
. RX 1Q i RX static
STACK[«¢{rxFIFO(  |imbalance(] ;-7 /" H ADC
COr.reCthrl ‘- corrector
122.88 filters 122.88 MS/s
MS/s 122.88
MS/s
PCle RX input —
To CPU core .19 O P|Transciever
in2
1C
LMS7002M
TX output—{°2 in e
——ol SDR board
RF switches

Fig. 3. The implementation platform.

DC offset correctors, followed by IQI compensators. The
IQI correction filters operate at a sample rate of
245.76 MS/s. The 18-bit arithmetic precision does not
impact the algorithm performance. The TX IQI compensa-
tor is composed of four 15-tap FIR filters whose structure
is given in Fig. 1. For realization of one FIR filter the fol-
lowing FPGA resources are spent: 330 adaptive logic
modules (ALM), 350 combinatorial adaptive look-up ta-
bles (ALUT), 700 dedicated registers and 9 DSP blocks.
Frequency up conversion from baseband (BB) to RF and
down conversion from RF to BB, are performed by trans-
mitter and receiver chains.

At the receiving side, the signals are sampled by 14-
bit ADCs at a rate of 122.88 MS/s. The data rate is con-
strained by on-board ADC maximum data rate of
160 MS/s. Signals are further processed by digital blocks
implemented in FPGA. The receive (RX) chain blocks
include the static IQ and DC correctors followed by RX
IQI correction circuit which share identical structure as the
circuit in TX path.

The IQI calibration procedures are executed at trans-
ceiver start-up. The board incorporates only a few addi-
tional circuits supporting the calibration process. These
circuits consist of the RF switches that form the RF loop-
back path from transmitter output to receiver input. There-
fore, the RF loopback introduces only minimal modifica-
tions in SDR hardware (i.e. no additional mixers, ADCs or
other expensive monitoring equipment). In the calibration
process the transmitter plays the role of a test signal gener-
ator while the receiver is used as a monitoring device. In
each measurement point the IQI parameters are extracted
by analyzing the received signal spectrum.

The complex filter coefficients are calculated by
C/C++ software application that runs on a CPU core. Inter-
nally, the algorithm operations can be divided into calibra-
tion routines, the coefficient’s calculation operations and
FIR filter programming operations. After filter coefficients
are calculated they are transferred to the SDR board via
PCle. The correction filters have provision to change their

coefficients via the Serial Peripheral Interface (SPI). The
coefficients are sent to the FPGA over the PCle/SPI. In
order to automate the IRR measurement operations, the
functionality of software application is extended to control
spectrum analyzer and RF signal generator via LAN con-
nection. The application performs the RX and TX IRR
measurements. After calibration is finished, the filter coef-
ficients can be stored in a file. When the transceiver is
powered up, the calibration process can be skipped. The
coefficients are read from the recorded file and loaded into
the complex filter registers.

4.1 The Calibration Routines

The receiver and transmitter imbalances are separate-
ly extracted. A calibration setup is used that was presented
in [16]. This setup uses the single-frequency tones to cali-
brate the receiver and then proceeds to use the calibrated
receiver as a measuring device. The transmitter supplies
the test tones into the receiver over RF loopback. The test
tones are generated either by transmitter LO or by numeri-
cally controlled oscillator (NCO) which is embedded in the
TX static calibration block. The amplitudes of the signal
and corresponding image tone are determined using spec-
tral analysis. Besides, the static TX and RX IQ correctors
are configured to minimize the amplitudes of unwanted
images.

The block diagrams of RX and TX static IQ correc-
tors are presented in Fig. 4. The transmitter's static 1Q
corrector parameters include gain correction codes
(txGain_I and txGain_Q) and phase correction code (the
txAlpha). Similarly, the RX static 1Q corrector parameters
include rxGain_I, rxGain_Q and rxAlpha.

TX static IQ and DC offset corrector
static IQ phase  static IQ gain DC offset
correction correction _ correction
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| xGain_I ||| txDC_I |

tan(txAlpha/2)|

>\ [&Gain Q]|[=DC Q]
y Yo
R S v, il

T G\

sel_nco

X1
-

=)

NCO

RX static IQ and DC offset corrector
static IQ phase static IQ gain
correction correction

M
@
¥< /1 ; I
Itan(rxAlpha/2)|i
|

L8,

Static IC IQI and DC offset correctors.

DC offset
correction

(D¢
/‘

()=

X1
X))« \—

rxDC_I

xDC_Q |
Al
(A

rxGain_I

rxGain_Q
XQ

e

Fig. 4.



486  B. JOVANOVIC, S. MILENKOVIC, IQ IMBALANCE CORRECTION IN WIDEBAND SOFTWARE DEFINED RADIO TRANSCEIVERS

The following BB frequencies are selected for meas-
urement points f; [MHz] = {-50, —45, —40, —30, —20, —10,
10, 20, 30, 40, 45, 50}. The angular frequency values w;,
i=0,1, ...,11, are derived after f; values are divided with
sample rate values. For the transmitter, the sample rate is
245.76 MS/s while the receiver sample rate is equal to
122.88 MS/s. The calibration operations can be divided in
phases designated as 1, 2 and 3. The calibration results are
the values for gain - g; and IQI parameters - y; and o,
which are obtained for each w;. The phases are explained
as follows.

The calibration phase 1 is the preparation step for
phase 2. In phase 1 the receiver is calibrated. The test tones
are generated by transmitter LO. At the beginning of
phase 1, the RX LO frequency is fixed to target TX LO
frequency (the target TX fio) and is not changed further
during phase 1. The RX DC offset is corrected.

The DC correction codes rxDC 1 [ and rxDC 1 QO
are calculated and programmed in the RX static 1Q correc-
tor (shown in Fig. 4). In each point, the test tone is gener-
ated by tuning the TX LO to the frequency equal to target
TX fiotfi, where target TX fio is a constant. After the RF
loopback is established and data is read, a spectral analysis
is performed over the received data. A desired signal com-
ponent, observed at /= f;, is accompanied by an undesired
image, positioned at /= —f.. The image signal amplitude is
minimized by changing the parameters of the RX static 1Q
corrector. The phase 1 outputs, which correspond to f;, are
the RX gain (rxGain 1 I, rxGain 1 Q;) and phase
(rxAlpha_1;) correction codes. The described operations
are repeated for all f;.

In phase 2 the transmitter is calibrated. The test tones
are generated by TX NCO located in the static TX IQ cor-
rector block (Fig. 4). At phase 2 beginning, the TX and RX
LO are set to target 7X fio. Then, the TX DC offset is
calibrated. In each measurement point, the NCO frequency
is set to fi and RX IQ correction codes rxGain 1 I,
rxGain_1_Q;, rxAlpha_1; are loaded into the RX IQ correc-
tor. The RF loopback is formed and the amplitudes of sig-
nals positioned at f;, and —f; are measured. The image sig-
nals are reduced by adjusting the TX static IQ corrector.
The phase 2 results are correction codes for TX IQ gain
(txGain_2 _I;, txGain_2_Q;) and phase (txAlpha 2;). The
IQI parameters tx_y; and tx_g¢; are calculated by (42), (43).
The #x_g;is found as the amplitude of the signal positioned
at fi, normalized to the amplitude maximum.

x_j/i:thazn_Z_Qi, (42)
txGain _2 1,

Ix_ @, =2-arctan % . (43)
2048

In phase 3, the RX IQI calibration procedure is re-
peated. The operations are similar to those executed in
phase 1. The transmitter LO is again used as a tone genera-
tor. The RX LO is now tuned to the target RX fio. The RX
DC offset is calibrated. In each point, the TX LO is tuned

to the target RX fio + fi. The image signal is minimized by
employing the RX static 1Q corrector. For each f;, the fol-
lowing corrector codes are acquired: rxGain 3 I,
rxGain_3_Q; and rxAlpha 3;. The rx_vy; and rx_o; are cal-
culated by (44), (45). The rx_g;is derived from the ampli-
tude of the signal positioned at f;..

rx—}/i:thaln_C%_Q‘.’ (44)
txGain _3 _ I,

rx ¢, =2-arctan bdipha 3, ) (45)
2048

The g;, y; and ¢; values, gained for RX and TX at f;,
are used for calculation of the g(w), y(®) and ¢(w) (using
(11-14)). The mathematical background for conversion of
the g(w), y(w) and ¢(w) into the coefficients of FIR filters
(the RX and TX FIR II, FIR_QQ, FIR K) is described in
the previous section.

4.2 Transmitter Measurement

The method performance is estimated in cases when
transmitter is tuned to different LO frequencies: TX fio=
{2.0 GHz, 2.3 GHz, 2.6 GHz, 2.9 GHz, 3.2 GHz and
3.5 GHz}. The calibration is performed for all fio from the
set. The routines, described in Sec. 4.1, are executed for
un-calibrated and calibrated transmitter in order to calcu-
late the TX IQ gain and phase errors. The TX 1Q gain and
phase imbalance values are determined by (42) and (43).

Normalized amplitude response, as a function fio and
fBB, is given in Fig. 5. The curve labeled as “Meas.” is
obtained by measured data before the proposed method is
applied. The results, which are labeled as “Corr.” curves,
represent corrected results, derived after the IQI is mini-
mized. When amplitude response is considered, the results
presented in the figure prove that the corrected amplitude
response is flatter than the measured one. However, the
corrected results are not ideally flat because only even
polynomials are compensated.

Measured and corrected IQI phase values are shown
in Fig. 6. In the most challenging case, when TX fio=
3.5 GHz, the phase imbalance ranges from 8 degrees, ob-
tained for fzg=-50 MHz, up to 16 degrees, gained for
fsB=50 MHz. As it can be seen from the figure, the cor-
rected phase IQI is efficiently minimized, regardless of
tuned 7X fio.

The gain IQI results, measured at different 7X fio,
are given in Fig. 7. At lower TX fio frequencies (up to
2.6 GHz) the measured 1QI curves are symmetrical. When
TX fio is increased, the symmetry is degraded. After the
method is applied, the gain IQI is efficiently reduced; the
corrected values are very close to the ideal case.

The IRR results are acquired by measurements in
which single tone test signals are generated by SDR
transmitter NCO. The baseband signal is in the range
fes=[—50 MHz, 50 MHz]. The transmitter output is observed
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Fig.8. TX IQI image level suppression at: a) 2.0 GHz,
2.3 GHz, 2.6 GHz, b) 2.9 GHz, 3.2 GHz and 3.5 GHz.



488  B. JOVANOVIC, S. MILENKOVIC, IQ IMBALANCE CORRECTION IN WIDEBAND SOFTWARE DEFINED RADIO TRANSCEIVERS

using a spectrum analyzer whose central frequency is set to
TX fio. The image suppression level (the inverse of IRR)
as a function of fio and fsg is shown in Fig. 8. The ampli-
tude of the main test signal, positioned at TX fio+ fss, and
the image component, positioned at TX fio—fss, are
measured. The IRR is determined by the difference be-
tween the amplitudes of the signal and its image. The IRR
results clearly demonstrate an improvement in image rejec-
tion. When fio=3.5 GHz and the method is not applied,
the IRR is only 20 dBc. When IQI is reduced and the trans-
ceiver operates at the same fi o, the IRR values ranges from
45 to 55 dBc. The enhancement in IRR is more than 25 dBc.

4.3 Receiver Measurement

The SDR receiver is calibrated and IQ imbalance is
measured at LO frequencies RX fi0={2.0 GHz, 2.3 GHz,
2.6 GHz, 2.9 GHz, 3.2 GHz and 3.5 GHz}. The measure-
ment routines, described in Sec. 4.1, are separately per-
formed for un-calibrated and calibrated receiver in order to
get measured and corrected RX IQ gain and phase imbal-
ance values. The RX gain and phase imbalances are calcu-
lated using (44) and (45), respectively.

Normalized receiver amplitude response, as a func-
tion of fio and fgg, is given in Fig. 9. The phase imbalance
values are depicted in Fig. 10. As it can be seen from
Fig. 10, at fio=3.5 GHz the measured phase imbalance
function shows asymmetry. The corrected phase imbalance
values prove method efficiency in IQI reduction. The RX
gain IQI is depicted in Fig. 11.
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The RX image suppression level is shown in Fig. 12.
Single tone signals are produced by RF signal generator
starting from RX fio =50 MHz to RX fio +50 MHz with
the increment step of 5 MHz. The amplitude of test signals
is equal to —30 dBm. The signals are then fed to the input
of SDR receiver which LO is tuned to RX fio. At each fss,
the amplitudes of the main test tone, positioned at
RX fiot+ fss, and the image component, positioned at
RX fio— fss are determined.

5. Discussion

A novel method for correction of the FS IQI is pre-
sented. The method relies on utilization of single tone test
signals and spectral analysis for IQI extraction. Both re-
ceiver and transmitter IQ imbalances are calibrated for the
baseband signal bandwidth of 100 MHz.

The IQI is reduced and the amplitude response is flat-
tened. The advantage of the proposed method compared to
the methods found in literature is that the hardware over-
head is minimized. This is achieved by employing the
transmitter as a test signal generator. Also, the receiver
plays the role of a measuring device.

The RF signal loopback, implemented by on-board
RF switches, represents the only additional hardware
which supports the calibration process. The calibration is
executed at the transceiver start-up and can be periodically

repeated. Special factory or laboratory calibration is not
required.

Reduction of FIR filter length enables savings of
FPGA resources, which makes the method suitable for
realization in FPGA. It is worth mentioning that beside the
proposed FS IQ corrector, the other digital blocks are also
required in transmitter paths, such as crest factor reduction
(CFR) and post-CFR FIR filters. For implementation of
these digital blocks, significant amount of FPGA resources
is spent [27]. Moreover, the hardware is optimized to
occupy minimum resources on FPGA for transceiver 2x2
MIMO operation.

When gain and phase imbalance functions are sym-
metrical a real-valued digital filter can be utilized for FS 1Q
mitigation. However, when these criteria are not fulfilled,
a complex filter is required. As measured results proved, at
central frequencies greater than 3 GHz, the TX and RX
gain imbalance functions are asymmetrical. In order to
reduce the asymmetry, compared to the symmetrical form
given by (7), the adopted p(w) is designed to incorporate
odd polynomial elements with exponents equal to 1 and 3
(8). The results showed that the receiver ¢(w) becomes
asymmetrical at fio greater than 3 GHz. At same frequen-
cies the TX ¢(w) doesn't possess this property. Compared
to the symmetric form given in (9), the implemented ¢(w)
(10), includes even polynomial parts whose exponents are
equal to 2 and 4.

The complex filter is designed based on previously
determined IQ imbalance models. It consists of four real
valued FIR filters. Two FIR filters are positioned in I and
Q paths. The others are located in cross paths (see Fig. 1).
Digital differentiator and fractional delay FIR filters are
used for realization of cross path filters. They cancel the
asymmetric portion of IQI. Specifically, the gain of cross
path filters compensates the odd part of y(w). The even part
of ¢(w) function is neutralized by the phase difference
which is introduced by the delay between cross path filter
impulse responses.

The method performance is assessed at different fio,
starting from 2 GHz to 3.5 GHz. The IRR of the un-
calibrated transmitter ranges between 20 dBc and 35 dBc,
depending on fio. Different configurations of
compensation circuits are investigated. First, the
performance is estimated of the circuit consisting only of
two real valued FIR filters, positioned in I and Q signal
paths. The measured results proved that when transceiver
LO is tuned at higher LO frequencies the utilization of real
valued FIR II and FIR_QQ cannot remove the IQ images.
For example, at fio= 3.5 GHz, after calibration is done, the
resulting TX IRR is only 38 dBc. The utilization of
complex filters gives better results. When the proposed
method is applied, the corrected amplitude response
becomes flatter than in the case of uncalibrated transmitter.
Also, the corrected phase and gain IQI become closer to
the ideal values over the entire pass band of 100 MHz.
When TX IQI is corrected (given in Fig. 1) the IRR is
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improved by more than 25 dBc. The resulting IRR reaches
45-50 dBc.

The RX measured results confirm improvement in 1Q
image rejection. The measured IRR of uncalibrated
receiver, operating at LO frequencies less than 3.5 GHz, is
approximately equal to 30 dBc. At fio= 3.5 GHz, the IRR
is only 20 dBc. After the proposed method is applied, the
corrected phase IQI values get close to zero degrees. Also,
the corrected y(w) gets near to the ideal case. By applying
the RX IQ complex filter, the IRR becomes greater than
50 dBc. The improvement at fio= 3.5 GHz is more than
30 dBc.

The methods from literature are focused on either re-
ceiver or transmitter calibration. In our case the imbalances
of both receiver and transmitter are corrected. The TX IQI
mitigation techniques which are found in literature require
implementation of additional hardware for IQI detection.
The monitoring path is realized by external instruments or
dedicated ADCs [28]. The measured results are produced
using laboratory equipment that relies on high-performance
signal generators. Moreover, the calibration procedures are
realized in MATLAB. In [29] the TX mitigation method
improves the IRR over 45 dBc. When a ten-tone waveform
is applied, the method yields increase in IRR by 10-15 dBc
[29]. In [13] 10dBc IRR enhancement is achieved for
a baseband signal bandwidth of 80 MHz. The algorithm
gives more than 50 dBc IRR on both sidebands which indi-
cates that the FS IQI is mitigated well. In [18] the experi-
mental results give the receiver IRR improvement of
30 dBc compared to uncompensated case. The disad-
vantage of the method from [18] is that it does not utilize
complex filters, and therefore, cannot neutralize asymmet-
ric IQL. The RX IQI reduction procedure from [20] pro-
vides the IRR better than 65 dBc over 600 MHz bandwidth
for a transceiver operating in 1 GHz to 6 GHz frequency
range. The comparison of the proposed method with the
results found in literature is given in Tab. 1.

Ref. Ref. Ref. Ref. Pro-

[13] [18] [20] [29] | posed

signa} l\l:lir;zd]width 150 200 600 400 100
Centr?lG$Z(;uency 1 3 1-6 11 2.0-3.5
;1; Sal{tll‘l/;lse/sr]ate 10000 / / 800 245.76
Blelf{ol;e[;(l;lzllp' 40-45 / / 20 [ 20-30
ﬁg;r [c;lr}ncl])- 50-55 / / 45 45-55
§ Sal{tll‘l/;lse/sr]ate / 491.7 1250 122.88
“Reame | /| 22 |mw
‘}f{i{ f:l;“cl]’- / 81.6 65 40-60

Tab. 1. Performance comparison of different methods.

6. Conclusion

In the paper the method for compensation of wide-
band transceiver 1Q impairments is described. The method
corrects the imbalances of both the receiver and transmit-
ter. The measured results that are presented in the paper are
obtained after the method has been implemented in a SDR-
based RF transceiver. Particularly, the transceiver is used
for transmission of the wideband modulation waveforms; it
operates at a central frequency of 3.5 GHz where the
transmitted signal bandwidth is 100 MHz. The advantage
of the method is that it does not require special hardware
for calibration operations. The RF loopback is added to
support the calibration process. In calibration setup the
transmitter is utilized as a test signal generator, while the
receiver is a measuring device. The method performance is
assessed by IRR measurements. The IRR is measured in
cases when the transceiver is tuned to different LO fre-
quencies, starting from 2.0 GHz to the target frequency of
3.5 GHz. The results prove efficient IQ imbalance suppres-
sion increasing the quality of wideband signals. The design
methodology is generic and the proposed solution is suita-
ble for implementation in other field-programmable RF
base stations. For the future work the development of
a method that mitigates the 1Q impairments which appear
in massive MIMO transceivers is envisaged.
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