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ABSTRACT This research studied transmitter/receiver (TX/RX) wideband (WB) RF impairments, namely
frequency-dependent, frequency-independent I/Q imbalances and DC I/Q offsets. A real-based parallel
structure is proposed to estimate and calibrate TX/RXWBRF impairment factors. RX impairment estimation
and compensation are performed first using a frequency offset BPSK training signal. Then, the TX
impairments are calibrated using a QPSK training signal. The proposed methods exhibited the following
successes. First, a commercial off-the-shelf (COTS) AD9371 RF module with impairments was calibrated.
After TX/RX calibration, the improvement of error vector measurement (EVM) of an OFDM 64QAM test
signal was approximately 9.42 dB. Second, for the Taiwan Industrial Technology Research Institute’sWBRF
module with impairments, the EVM of an OFDM 16QAM test signal was calibrated and increased by about
20 dB. In summary, the proposed techniques can overcome WB RF impairments and enable high-quality
WB communication.

INDEX TERMS Calibration procedures, DC I/Q offsets, frequency-dependent I/Q imbalance,
frequency-independent I/Q imbalance, RF impairment.

I. INTRODUCTION
Direct up/down RF chipsets are commonly used in wide-
band (WB) communication systems such as the 5G mobile
communication system and digital video broadcasting sys-
tems. These chipsets have advantages such as low cost,
simple design, and small area. However, for direct up/down
conversion, multiple RF chips and oscillation circuits
induce the different impairments including I/Q imbal-
ance, DC offset, transmitter and receiver nonlinearities,
phase noise, and coupling effects. In these impairments,
many studies have extensively discussed I/Q imbalance.
WB communication systems incur two I/Q imbalance effects:
frequency-independent and frequency-dependent I/Q imbal-
ances. Specifically, RF local oscillators generate I and Q
carriers with amplitude and phase imbalance effects, resulting
in so-called frequency-independent I/Q imbalance. In WB
systems, the I and Q channels have the different impulse
response effects and exhibit frequency-selective distor-
tion, which is called frequency-dependent I/Q imbalance.

The associate editor coordinating the review of this manuscript and
approving it for publication was Nagendra Prasad Pathak.

The aforementioned impairments occur at both the trans-
mitter (TX) and receiver (RX) sides of a WB RF system.
To overcome these impairments, we studied the feasible
TX/RX loopback calibration procedures with the estimation
of impairment model parameters and associated calibration
parameters. In this study, digital signal processing techniques
were employed to estimate RF impairments and compensate
for WB RF distortion. Many researchers have studied the
factors of WB RF imperfection and related compensation
methods. Li et al. [1] proposed a low-cost envelope detector
method for I/Q imbalance compensation. This method only
compensates for the frequency-dependent I/Q imbalance at
the TX. Hsu and Sheen [2] studied joint calibration methods
for TX/RX RF impairments. They used a frequency off-
set (FO) method for joint TX/RX calibration. Ding et al. [3]
proposed a real-based filter structure for the calibration of
a TX with impairments. Li [4] studied I/Q imbalance mod-
eling, estimation, and compensation and adopted complex
calibration schemes to compensate for RF impairments.
Luo et al. [5] proposed joint calibration for TX/RX RF
impairments, which was only studied frequency-independent
I/Q imbalances. In [6], a novel calibration scheme for
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solving TX RF gain, phase, and offset problems was studied;
however, frequency-selective I/Q imbalance effects were
not studied. Zhang et al. [7] studied an iterative decision–
feedback RX to compensate for I/Q imbalance. However,
they did not consider a loopback calibration scheme. In [8],
a WB OFDM system with frequency-dependent I/Q imbal-
ance effects was studied. Because OFDM systems are sen-
sitive to frequency-dependent I/Q imbalance, Matsui et al.
proposed a blind compensation method, namely the con-
stant modulus algorithm, to calculate the filter coefficients
for compensating for frequency-dependent I/Q imbalances.
Lopez-Estraviz et al. [9] proposed an OFDM pre-
compensation technique for a TX. They used a low-complexity
ML equalizer to study TX/RX frequency-dependent I/Q
imbalances and propagation channel effects. A pilot signal
was used to estimate the channel and I/Q imbalance coeffi-
cients. An advanced equalizer was used to compensate for
the frequency-dependent I/Q imbalance. Many papers have
proposed adaptive calibration methods. In [10], Cavers et al.
proposed an adaptive compensation technique for quadrature
modulation of TX RF. Lim et al. [11] proposed digital adap-
tive algorithms and used two finite impulse response filters
to compensate for the gain and phase of I/Q modulators.
Moreover, numerous studies have proposed digital prepro-
cessing methods. Marchesani et al. [12] proposed a digital
preprocessing method to compensate for the RF impairments
of quadrature modulators and to improve system perfor-
mance. Joint algorithms have been used to compensate for RF
impairments with high distortion effects (e.g., I/Q imbalance,
coupling, multiple antennas, and nonlinear factors) [13]–[15].
In [13], Anttila et al. proposed joint least squares (LS)
methods to overcome RF I/Q imbalances and the nonlinearity
of the power amplifier (PA). Gregorio et al. [14] studied joint
calibration schemes to compensate for RF impairments at
a TX with an I/Q imbalance, nonlinear PA, and crosstalk
coupling effects. Moreover, Khan et al. [15] proposed digital
preprocessing techniques at the TX for joint mitigation of
I/Q imbalances and nonlinear multiple input multiple output
(MIMO) PA effects.

Many studies [1], [3], [6] have proposed methods for com-
bating WB RF imperfection distortion. However, most have
examined only TX impairments and ignored RX impairments
in the case of TX/RX RF loopback. Some studies [2]–[5] per-
formed only theoretical derivation for RF impairment calibra-
tion and did not use real RF hardware to verify the proposed
algorithms. Here, we examine joint calibration techniques
for TX/RX impairments in a real-world loopback transceiver
scenario. Note that the joint consideration of RX impairments
in the TX/RXRF loopback is muchmore challenging than the
existing works which merely concern the TX RF impairment.
To achieve the loopback calibration, a real-based parallel
structure is proposed to estimate and compensate the TX/RX
RF impairment. We first use an FO-based BPSK training
signal to estimate RX impairments and compensate for RX
distortion. We subsequently calibrate the TX impairment
by using a QPSK training signal. The proposed techniques

were used at Taiwan’s Industrial Technology Research Insti-
tute (ITRI) on the institute’s own RF IC to calibrate RF
impairments and improve RF performance. First, an all-
digital simulation platform was developed to emulate WB
RF imperfections and to design estimation and compensation
technologies. Next, a WB RF module (i.e., the AD9371 RF
module) and a WB instrument platform (i.e., NI PXIe-1075
5646R)were used to generateWBRF impairments. Themod-
ule was used to integrate the software platform to verify the
performance of the proposed calibration techniques. For the
ITRI WB RF module, the proposed calibration procedures,
which provided reliable performance, can be used to achieve
WB signal communication.

To the best of our knowledge, none of previous studies
have considered a self-calibration design for a loopback
transceiver with dual real-based parallel structures for miti-
gating WB TX/RX RF impairments. The main contributions
of this paper are as follows:

1) The structures of dual parallel real-based compensa-
tion, in which complex signals with real and imaginary
parts are transformed into two parallel real signals,
are proposed to effectively estimate and calibrate the
TX/RX WB RF impairment effects.

2) For self-calibration of loopback transceiver, we pro-
pose that RX-side RF impairment is compensated by
first using an FO-based BPSK training signal to avoid
TX-side impairment effects. Second, we calibrate the
TX-side RF impairments via a QPSK training signal
under the RX-side RF with impairments calibration.

3) The TX- and RX-side calibration schemes has been
successfully applied to compensate for RF impairments
in the AD9371 and ITRI RF modules. Single-tone and
OFDM test signals in two RF modules were employed
to validate the performances of the improvement in
the image rejection ratio (IMRR) and error vector
measurement (EVM). Thus, the proposed loopback
self-calibration algorithms were realized and imple-
mented for compensation in the WB RF TX/RX IC.

The following conventions are used throughout the paper.
Uppercase and lowercase boldface letters represent matrices
and vectors, respectively. For matrix A, AT and AH rep-
resent its transpose and conjugate transpose, respectively.
The symbol A† denotes the pseudo inversion of A, that is,(
AHA

)−1AH ; ⊗ denotes a convolution operation; and (·)∗

denotes a conjugate operation.

II. COMPLEX DATA MODELS OF WB TX/RX RF
IMPAIRMENT COMPENSATION STRUCTURES
We consider a WB TX data model for a scenario in which the
transmitted signal involves RF impairment effects, such as
frequency-independent I/Q imbalance, frequency-dependent
I/Q imbalance, or DC I/Q offset. A schematic of the TX
signal model including the DC I/Q impairments, impair-
ment parameters estimation, and compensation structures is
depicted in Fig. 1. The transmitted baseband signal x(n) can
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FIGURE 1. WB RF impairment and compensation structure of the TX.

be expressed using the radio impairmentmodel as follows [4]:

x (n) = hT ,+ (n)⊗ sp (n)+ hT ,− (n)⊗ sp (n)∗ + b (1)

where sp(n) is the ideal baseband signal s(n) passing through
the calibration preprocessing, hT ,± (n) is the WB RF impair-
ment factor of the TX, b = bI + j · bQ is the TX DC I/Q
offset, and ⊗ represents convolution operation. The parame-
ter hT ,± (n) can be expressed as follows:

hT ,± (n) =
1
2
·

[
hIT (n)± αT e

jθT hQT (n)
]

(2)

where hIT (n) and hQT (n) are the low-pass responses of
the I and Q channels, respectively, which result in a
frequency-dependent I/Q imbalance. Frequency-independent
I/Q imbalances, namely I/Q amplitude αT and phase θT
imbalances, coexist in the TX RF.

In (1), sp(n) is the discrete signal output from the prepro-
cessing filter and is given as follows:

sp (n) = [s (n)+ a]+ w (n)⊗ [s (n)+ a]∗ (3)

where w(n) is the preprocessing filter and a is the pre-
compensated DC offset. Moreover, by substituting (3)
into (1), the TX signal with the preprocessing calibration can
be rewritten as follows:

xp (n)

= hT ,+ (n)⊗
[
s (n)+ a+ w (n)⊗ s∗ (n)+ w (n)⊗ a∗

]
+ hT ,− (n)⊗

[
s (n)+ a+ w (n)⊗s∗ (n)+w (n)⊗a∗

]∗
+ b

(4)

The preprocessing parameters (i.e., w(n) and a) are derived in
Section III-A.

The WB RF impairment and the postprocessing compen-
sation structure at the RX are depicted in Fig. 2 [2].

The RX structure uses the received signal y(n) with the
intentional FOµ. Thus, the loopback between the TX and RX
with the FO signal can be expressed as y(n) = ej2πµn · x(n).
The purpose of this intentional FO is to estimate the RX
impairment parameters, which are detailed in Section III-B.
The FO-based RX signal with WB impairments in Fig. 2 can
be expressed as follows:

r (n) = hR,+ (n)⊗ y (n)+ hR,− (n)⊗ y∗ (n)+ d (5)

FIGURE 2. WB RF impairment and compensation structures of the RX.

where hR,± (n) is theWBRF impairment factor of the RX and
d = d I + jdQ is the RX DC offset. The parameter hR,± (n)
can be expressed as follows:

hR,± (n) =
1
2

(
hIR (n)± αRe

∓jθRhQR (n)
)

(6)

where hIR (n) and hQR (n) are the low-pass responses of
the I and Q channels of the RX frequency-dependent
imbalance, respectively. Frequency-independent imbalances,
namely gain imbalance αR and phase imbalance θR, coexist
in the RX. The RX signal passes through the postprocessing
filter ρ(n) and the compensated DC offset c. The output signal
rc(n) is given as follows:

rc (n) = (r (n)− c)− ρ (n)⊗ (r (n)− c)∗

=
{
hR,+ (t)− ρ (n)⊗ h∗R,− (t)

}
⊗ y (n)

+
{
hR,− (t)− ρ (n)⊗ h∗R,+ (t)

}
⊗ y∗ (n)

+
{
1d − ρ (n)⊗1∗d

}
(7)

where 1d = d − c. In Section III-B, the compensation
parameters (ρ(n) and c) are derived to optimize calibration
performance at the RX.

III. DEVELOPMENT OF LOOPBACK TX/RX IMPAIRMENT
ESTIMATION AND CALIBRATION SCHEME
A novel loopback calibration scheme is proposed for a WB
RF TX/RX with impairment effects. A schematic of the pro-
posed loopback TX/RX calibration system with real-based
parallel structures is displayed in Fig. 3. Based on the
real-based parallel structures, the joint TX/RX impairment
effects can be elegantly separated and compensated by the
proposed FO-based BPSK training signals with the individ-
ual convolution operation for each real-based impairment
parameters. In what follows, we elaborate the construction
of this loopback TX/RX calibration system and the related
parameter estimation.

The TX/RX calibration scheme involves the following
topics. First, impairment parameter estimation and prepro-
cessing algorithms are implemented for only TX calibration.
Second, postprocessing schemes compensate for RX impair-
ment effects, and loopback TX/RX calibration procedures
compensate for the overall RF impairments.
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FIGURE 3. Block diagram of calibrations and impairments of the
loopback TX/RX system.

A. PARALLEL FILTER DESIGN FOR IMPAIRMENT
PARAMETER ESTIMATION AND PREPROCESSING
CALIBRATION OF WB RF TX
In this subsection, we examine the parallel filters designed
for preprocessing calibration at the TX. According to the TX
data model presented in Section II, the QPSK training signal
s(n) is employed to estimate the impairment factors of the
TX WB RF. Then, parallel preprocessing filter parameters
are determined using an LS algorithm. In the following text,
the design flows are introduced. First, as displayed in Fig. 3,
we employ a real-based parallel structure with independent
I and Q branches [3] to express a complex TX impairment
signal in (1). Moreover, the TX signal of the real-based
parallel structure can be derived from the complex TX signal
as follows:

x (n) = xI (n)+ jxQ (n)

= hT ,+ (n)⊗
(
sIp (n)+ js

Q
p (n)

)
+ hT ,− (n)⊗

(
sIp (n)− js

Q
p (n)

)
+

(
bI + jbQ

)
(8)

Here, the separated TX I and Q signals are as follows:

xI (n) = h1 (n)⊗ sIp (n)+ h2 (n)⊗ s
Q
p (n)+ b

I

xQ (n) = h3 (n)⊗ sIp (n)+ h4 (n)⊗ s
Q
p (n)+ b

Q (9)

The four real-based parallel filters are expressed as follows:

h1 (n) = hIT (n) , h2 (n) = −αT sin θT h
Q
T (n)

h3 (n) = 0, h4 (n) = αT cos θT h
Q
T (n) (10)

Moreover, by considering the initial TX block diagram
in Fig. 3 and bypassing the preprocessing block sp(n) = s(n),
we can exploit the training signals sI (n) and sQ(n) in the
Lt × 1 vector to estimate the real-based parallel impairment
parameters. The parameter Lt represents the length of the TX
data. The vector form of the TX signal is expressed as follows:

xI (n) = SI (n) · h1 + SQ (n) · h2 + 1 · bI (11)

xQ (n) = SI (n) · h3 + SQ (n) · h4 + 1 · bQ (12)

where 1 is the all-one vector and SI (n) and SQ(n) are the
Toeplitz matrices of sI (n) and sQ(n), respectively. In (11)
and (12), the vectors hi where i = 1, · · · , 4, are the responses
of hi(n). The real-based impairment parameters can be esti-
mated through the LS method as follows:[

b̂I ĥT1 ĥT2
]T
= S†LSx

I[
b̂Q ĥT3 ĥT4

]T
= S†LSx

Q (13)

where SLS =
[
1 SI (n) SQ (n)

]
is the known training signal

matrix and (·)† is the pseudoinverse operation.
After the estimation of the impairment parameters, the pre-

processing compensation block in Fig. 3 is activated. Thus,
the preprocessing filters and the pre-calibrating DC offset
must be calculated to compensate for the RF impairment
effects.Moreover, according to the real-based parallel impair-
ment structure, the symmetric structure of the real-based
parallel preprocessing design is studied in Fig. 3. The prepro-
cessing filters and the pre-calibrating DC offset are denoted
by gi(n), i = 1, · · · , 4 and a = aI + jaQ, respectively.
We next describe the estimation of the preprocessing param-
eters. First, the relationship between the preprocessing DC
offset a and RF impairments, i.e., sp(n) = a being compen-
sated in (8)-(9) to acquire no DC offset x (n) = 0, can be
written as follows:

aI · 1T · h1 + aQ · 1T · h2 + bI = 0
aI · 1T · h3 + aQ · 1T · h4 + bQ = 0 (14)

After the impairment parameters in (13) are determined, the
preprocessing DC offset a can be estimated as follows:

[
âI

âQ

]
=


L−1∑
n=0

h1(n)
L−1∑
n=0

h2(n)

L−1∑
n=0

h3(n)
L−1∑
n=0

h4(n)


−1 [
−bI

−bQ

]
(15)

After the DC offset is compensated by (14)-(15), the parallel
preprocessing filters gi(n)(i = 1, · · · , 4) calibrate the parallel
impairment effects. Thus, the transmitted I and Q signals
in (9) can be rewritten as follows:

xI (n) = h1 (n)⊗
(
g1 (n)⊗ sI (n)+g2 (n)⊗sQ (n)

)
+ h2 (n)⊗

(
g3 (n)⊗sI (n)+g4 (n)⊗sQ (n)

)
(16)

xQ (n) = h3 (n)⊗
(
g1 (n)⊗sI (n)+g2 (n)⊗ sQ (n)

)
+ h4 (n)⊗

(
g3 (n)⊗sI (n)+g4 (n)⊗sQ (n)

)
(17)

To calculate the values of the four real-based filters gi(n),
i = 1, · · · , 4, the sI (n) and sQ(n) signals are separated
to express the TX signals. Thus, the following equation is
obtained:

xI (n) = (h1 (n)⊗ g1 (n)+ h2 (n)⊗ g3 (n))⊗ sI (n)

+ (h1 (n)⊗ g2 (n)+ h2 (n)⊗ g4 (n))⊗ sQ (n)

(18)
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xQ (n) = (h3 (n)⊗ g1 (n)+ h4 (n)⊗ g3 (n))⊗ sI (n)

+ (h3 (n)⊗ g2 (n)+ h4 (n)⊗ g4 (n))⊗ sQ (n)

(19)

To calibrate impairment, the sI (n) signal in (18) is retained,
and the sI (n) signal in (19) is suppressed. Thus, the following
equation is obtained:

h1 (n)⊗ g1 (n)+ h2 (n)⊗ g3 (n) = δ (n)

h3 (n)⊗ g1 (n)+ h4 (n)⊗ g3 (n) = 0 (20)

By exploiting the Toeplitz matrixHi(n) of hi(n), i = 1, · · · , 4
(20) can be rewritten as follows:

H1 · g1 +H2 · g3 = δ

H3 · g1 +H4 · g3 = 0 (21)

where δ =
[
1 0 · · · 0

]T is the delta vector function and
vectors gi, i = 1, · · · , 4, are the responses of gi(n). Through
the LS method, the preprocessing filters g1 and g3 can be
calculated as follows:[

ĝ1
ĝ3

]
= H†

[
δ

0

]
with H =

[
H1 H2
H3 H4

]
(22)

Similarly, the sQ(n) signal in (19) is retained, and the sQ(n)
signal in (18) is suppressed. Thus, the following equation is
obtained:

h1 (n)⊗ g2 (n)+ h2 (n)⊗ g4 (n) = 0

h3 (n)⊗ g2 (n)+ h4 (n)⊗ g4 (n) = δ (n) (23)

Then, the preprocessing filters g2 and g4 can be estimated
using the convolutional matrix H as follows:[

ĝ2
ĝ4

]
= H†

[
0
δ

]
(24)

B. PARALLEL FILTER DESIGN FOR IMPAIRMENT
PARAMETER ESTIMATION AND POSTPROCESSING
CALIBRATION OF LOOPBACK-BASED RX WB RF
In Section III-A, the preprocessing design to calibrate TX
RF impairments is presented. In this section, we propose
RX calibration schemes and loopback calibration procedures.
In the loopback TX/RX scenario, to calibrate only the RX RF
impairments, we must isolate the TX RF impairment effects;
that is, we must avoid the image imbalance signal at the
TX. To achieve this isolation, the BPSK training signal is
transmitted by the TX; then, the signal with intentional FO
(i.e., FO-based BPSK signal) is acquired to perform only RX
calibration. After the RX impairments are calibrated, the TX
impairments are calibrated by Section III-A to complete loop-
back calibration.
We propose that RX impairments are estimated first and

calibration parameters are subsequently designed to compen-
sate for the RX impairments. The process is introduced in the
following. First, the BPSK signal s(n) = sI (n) + j0 is used
as a TX training sequences. Then, in the loopback between
the TX and RX with the intentional FO µ, the RX signal

and FO-based BPSK signal can be acquired to estimate the
RX impairments and calibration parameters. Therefore, when
using the BPSK signal sp(n) = sI (n) in the initial TX mode
in Fig. 3, the TX signal in (8) can be written as follows:

x (n) = hT ,+ (n)⊗ sI (n)+ hT ,− (n)⊗ sI (n)+ b

= hIT (n)⊗ s
I (n)+ b (25)

where hIT (n) = hT ,+ (n) + hT ,− (n) according to (2) and
hIT (n) is the real-part impulse response, which cannot induce
a TX image imbalance effect. Thus, for simplicity, hIT (n) is
ignored in the following design. The TX signal is given by
x (n) = sI (n)+ b, and the TX DC offset is b = bI + jbQ.
The RX signal with the intentional FO can be written as

y (n) = ej2πµn · x (n) (26)

By substituting x (n) = sI (n) + b into (26), the RX I and Q
signals y(n) = yI (n)+ j · yQ(n) can be rewritten as follows:

yI (n) = sIc (n)+ b
I
c (n)− b

Q
s (n)

yQ (n) = sIs (n)+ b
I
s (n)+ b

Q
c (n) (27)

where

sIc (n) = cos 2πµn · sI (n) , sIs (n) = sin 2πµn · sI (n)

bIc (n) = cos 2πµn · bI , bIs (n) = sin 2πµn · bI

bQc (n) = cos 2πµn · bQ, bQs (n) = sin 2πµn · bQ (28)

By substituting y(n) = yI (n)+ j ·yQ(n) into (5), the RX signal
r(n) = r I (n)+ jrQ(n) with impairments can be expressed by

r I (n) = e1 (n)⊗ yI (n)+ e2 (n)⊗ yQ (n)+ d I

rQ (n) = e3 (n)⊗ yI (n)+ e4 (n)⊗ yQ (n)+ dQ (29)

where

e1 (n) = hIR (n) , e2 (n) = 0

e3 (n) = −αR sin θRh
Q
R (n) , e4 (n) = αR cos θRh

Q
R (n)

(30)

Then, by substituting (27) into (29), the RX I and Q signals
with impairments can be written as

r I (n) = e1 (n)⊗
{
sIc (n)+ b

I
c (n)− b

Q
s (n)

}
+ e2 (n)⊗

{
sIs (n)+ b

I
s (n)+ b

Q
c (n)

}
+ d I (31)

rQ (n) = e3 (n)⊗
{
sIc (n)+ b

I
c (n)− b

Q
s (n)

}
+ e4 (n)⊗

{
sIs (n)+ b

I
s (n)+ b

Q
c (n)

}
+ dQ (32)

The RX signals in (31) and (32) can be observed by using
Lr samples to estimate the real-based parallel impairment
parameters. The vector form of the RX signal can be written
as

rI =
[
1 SIc SIs C S

]
· t1 (33)

rQ =
[
1 SIc SIs C S

]
· t2 (34)

where SIc, S
I
s , C, and S are the Toeplitz matrices of sIc (n),

sIs (n), cos 2πµn, and sin 2πµn, respectively. In (33) and
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(34), t1 and t2 are the composite impairment vectors,
expressed as follows:

t1 =
[
d I eT1 eT2 bI eT1 + b

QeT2 bI eT2 − b
QeT1

]T
(35)

t2 =
[
dQ eT3 eT4 bI eT3 + b

QeT4 bI eT4 − b
QeT3

]T
(36)

The LS method and FO-based BPSK training signals can be
used to estimate each parameter of the composite impairment
vectors as follows:

t̂1 = P†rI

t̂2 = P†rQ (37)

where P =
[
1 SIc SIs C S

]
is the composite training matrix.

After the RX impairment parameters are estimated,
the postprocessing parameters can be calculated. As dis-
played in Fig. 3, we propose a symmetric real-based paral-
lel postprocessing calibration design. From the relationship
between the postprocessing and impairment parameters,
the postprocessing filters fi, i = 1, · · · , 4 and the
post-calibrating DC offset cI+jcQ can be determined. To esti-
mate the post-calibrating DC offset, we can refer to the
structure in Fig. 3 to obtain the relationship between the post-
calibrating DC offset c and RF impairments. This relationship
can be expressed as follows:

d I · 1T · f1 + dQ · 1T · f2 + cI = 0

d I · 1T · f3 + dQ · 1T · f4 + cQ = 0 (38)

where fi, i = 1, · · · , 4, are postprocessing filters with
length L. These filters are the vector-form responses of fi(n).
The post-calibrating DC offsets cI and cQ can be estimated
through matrix operation as follows:

[
cI

cQ

]
= −


L−1∑
n=0

f1 (n)
L−1∑
n=0

f2 (n)

L−1∑
n=0

f3 (n)
L−1∑
n=0

f4 (n)


[
d I

dQ

]
(39)

Moreover, to estimate the four postprocessing filters
according to the proposed calibration structure in Fig. 3,
the relationship between the impairment and postprocessing
parameters can be expressed as follows:

zI (n)

= f1 (n)⊗
(
e1 (n)⊗ yI (n)+ e2 (n)⊗ yQ (n)+ d I

)
+ f2 (n)⊗

(
e3 (n)⊗ yI (n)+e4 (n)⊗yQ (n)+dQ

)
+cI

(40)

zQ (n)

= f3 (n)⊗
(
e1 (n)⊗ yI (n)+ e2 (n)⊗ yQ (n)+ d I

)
+ f4 (n)⊗

(
e3 (n)⊗ yI (n)+e4 (n)⊗yQ (n)+dQ

)
+cQ

(41)

By using the DC cancellation property in (38), the post-
processing signal can be rewritten with yI (n) and yQ(n) as
follows:

zI (n) = (f1 (n)⊗ e1 (n)+ f2 (n)⊗ e3 (n))⊗ yI (n)

+ (f1 (n)⊗ e2 (n)+f2 (n)⊗e4 (n))⊗yQ (n) (42)

zQ (n) = (f3 (n)⊗ e1 (n)+ f4 (n)⊗ e3 (n))⊗ yI (n)

+ (f3 (n)⊗ e2 (n)+f4 (n)⊗e4 (n))⊗yQ (n) (43)

For the RX I signal in (42), the yI (n) signal is retained and
yQ(n) signal is suppressed to cancel out the impairment. Thus,

f1 (n)⊗ e1 (n)+ f2 (n)⊗ e3 (n)=δ (n)

f1 (n)⊗ e2 (n)+ f2 (n)⊗ e4 (n)=0 (44)

By using the Toeplitz matrices Ei of ei(n), i = 1, · · · , 4
to rewrite the matrix-form equation of (44), the following
equation is obtained:

E1 · f1 + E3 · f2 = δ

E2 · f1 + E4 · f2 = 0 (45)

where the vectors fi, i = 1, · · · , 4, are the response of fi(n).
The LS method can be employed to estimate f1 and f2 as
follows:[

f̂1
f̂2

]
= E†

[
δ

0

]
with E =

[
E1 E3
E2 E4

]
(46)

Similarly, for the RX Q signal in (43), the yQ(n) signal is
retained and yI (n) signal is suppressed to avoid impairment
effects. Thus, the following equations are obtained:

f3 (n)⊗ e1 (n)+ f4 (n)⊗ e3 (n) = 0

f3 (n)⊗ e2 (n)+ f4 (n)⊗ e4 (n) = δ (n) (47)

Then, the composite convolutional matrix E and the LS
method are used to estimate the postprocessing filters f3 and
f4 as follows: [

f̂3
f̂4

]
= E†

[
0
δ

]
(48)

To sum up, in this section, we describe the calibration
schemes of TX and RX RF impairments. The overall TX/RX
calibration flowchart is implemented in the following order:
(i) RX RF impairments estimation; (ii) RX RF calibration;
(iii) TX RF impairments estimation; (iv) TX RF calibration.
Specifically, the RX impairments is first estimated and cali-
brated by using (25)-(48). The subsequent steps, i.e., TX cal-
ibration in (8)-(24), of loopback TX/RX calibration are then
performed under the compensated RX scenario. According
to the two-step calibration design, we can compensate for the
WB RF impairments of the overall transceiver. The proposed
scheme can be used to self-calibrate a TX/RX RF IC. We
implemented the proposed transceiver calibration schemes
in a COST AD9371 TX/RX RF module with impairments
(we intentionally turned off the autocalibration function of
the AD9371) and Taiwan’s ITRI’s self-designed RF TX IC
module. The schemes exhibited excellent performance in
suppressing RF impairments.
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IV. SIMULATION AND MEASUREMENT RESULTS
A. SIMULATION RESULTS
A simulation was conducted to test the performance of the
proposed real-based parallel filter calibration method for
transceivers with WB RF impairments. RX calibration was
performed first, followed by TX calibration. The simulation
flows are displayed in Fig. 4. For the flow in Fig. 4(a),
in which the FO is 1 MHz, RX calibration was performed
using the proposedmethod in Section III-B. Then, for the sec-
ond flow in Fig. 4(b), the TX calibration method presented
in Section III-A was used to compensate for TX RF impair-
ments. Finally, for the flow in Fig. 4(c), single-carrier or
OFDM test signals were employed to evaluate the perfor-
mance of RF impairment suppression. The simulation param-
eters of the RF impairments are listed in Table 1, including the
frequency-independent and frequency- dependent I/Q imbal-
ances, and DC offsets.

FIGURE 4. Two-step calibration and verification flows of the loopback
transceiver. (a) Calibration flow of RX RF impairments. (b) Calibration
flow of TX RF impairments. (c) Verification flow through using single-tone
and OFDM signals to demonstrate the performance of the proposed
two-step calibration flows.

The composite RF impairments were estimated; however,
they could not be separated to verify the estimation results of
individual impairments. Thus, we examined the suppression
performance of the image signals induced by the I/Q imbal-
ance (i.e., IMRR). The IMRR is the ratio of the power of
the desired signal to that of the image signal. The IMRRs of
TX impairment calibration when using single tones at 20 and
40MHz for testing are displayed in Figs. 5 and 6, respectively.
The IMRRs can confirm the image interference of different
tones being calibrated under the same WB compensation
parameters. That is, Fig. 5(a) shows that before preprocessing
at the TX, the image signal with a frequency of −20 MHz
exhibited an IMRR of 13.6422 dB. After the preprocessing
calibration depicted in Fig. 5(b), the IMRR improved to
91.7693 dB. Similarly, for the single tone signal at 40 MHz

TABLE 1. RF impairment parameters.

FIGURE 5. Single tone at 20 MHz to verify the calibration performance at
the TX: (a) IMRR = 13.6422 dB before preprocessing and (b) 91.7693 dB
after preprocessing.

FIGURE 6. Single tone at 40 MHz to verify the calibration performance at
the TX: (a) IMRR = 23.061 dB before preprocessing and (b) 87.8882 dB
after preprocessing.

displayed in Fig. 6, the improvement in the IMRR is approx-
imately given by 64 dB after preprocessing calibration. The
simulation results indicate that the image signal andDC offset
can be successfully suppressed by the WB TX calibration
schemes.

The IMRRs for RX impairment calibration when using a
single tone at 20 and 40 MHz are illustrated in Figs. 7 and 8,
respectively. After postprocessing, image signal suppression
was achieved at an IMRR of approximately 99.011 dB at
20 MHz and approximately 88.238 dB at 40MHz. Moreover,
the DC offsets were cancelled out. Thus, the aforementioned
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FIGURE 7. Single tone at 20 MHz to verify the calibration performance at
the RX: (a) IMRR = 14.4348 dB before postprocessing and (b) 99.011 dB
after postprocessing.

FIGURE 8. Single tone at 40 MHz to verify the calibration performance at
RX: (a) IMRR = 17.7352 dB before postprocessing and (b) 88.2385 dB after
postprocessing.

simulation results confirm that the proposed methods are
useful for the calibration of a WB TX/RX with impairments.

B. MEASUREMENT RESULTS
Besides computer simulation, we also setup an all-digital
and software-based testing platform to further verify that the
proposed two-step calibration procedure can successfully cal-
ibrate the joint TX/RX imperfections of COTS RF modules
when configured in loopback transceiver. We employed WB
RF modules (i.e., the AD9371 RF module and Taiwan ITRI
RF module) and instruments that can integrate the software
platform to validate the proposed calibration techniques.

In the first measurement scenario, we set up the
AD9371 TX/RX loopback platform with RF impairment
effects as displayed in Fig. 9. The measurement flows were
the same as those described in Section IV-A (Fig. 4). In the
first flow, the AD9371 module transmitted the FO-based
BPSK signal with a bandwidth of approximately 60 MHz for
RX calibration. For the AD9371 module, we used the follow-
ing parameters: TX/RX sampling frequency = 122.88 MHz,
TX center frequency = 1 GHz, RX center frequency =
995 MHz, and intentional FO = 5 MHz. In the second flow,
the AD9371 module transmitted the QPSK signal with a
bandwidth of approximately 60 MHz and a TX/RX center
frequency of 1 GHz, which was used for TX calibration.
Before the aforementioned two TX/RX calibration steps were
performed, the AD9371 module with impairments transmit-
ted a single tone at 1010 MHz, which induced an image tone
at 990 MHz with an IMRR of 39.32 dB and a DC offset of
−45 dBm, as depicted in Fig. 10(a). After TX calibration of
the AD9371 module, the image tone was suppressed, with

FIGURE 9. Measurement platform of AD9371 TX/RX loopback calibration.

FIGURE 10. Single tone at 1010 MHz to verify the calibration performance
for the AD9371 TX module: (a) IMRR = 39.32 dB before preprocessing and
(b) 47.67 dB after preprocessing.

FIGURE 11. Single tone at a frequency of 10 MHz (after down-conversion
by a center frequency of 1 GHz) to verify the calibration performance for
the AD9371 RX module: (a) IMRR = 44.6274 dB before postprocessing
and (b) 61.7982 dB after postprocessing.

IMRR = 47.67 dB and DC offset = −70 dBm, as displayed
in Fig. 10(b).

The IMRR of the AD9371 module is increased by about
17 dB after RX postprocessing calibration (Fig. 11). In a
multicarrier signal test, the AD9371 module transmitted an
OFDM 64QAM signal (Fig. 12), which improved the EVM
by approximately 10 dB after TX/RX calibration.

In the second measurement scenario, we set up the ITRI
self-designed RF TX module, which is displayed in Fig. 13.
The calibration flows were the same as those for the AD9371
module. Because the ITRI module provides only RF TX
function, we adopted a Keysight MXG N5182B generator to
generate the baseband QPSK training signals with a sampling
rate of 200 MHz. The I/Q signals were up-converted to a
center frequency of 1 GHz by using the ITRI RF module
with impairment effects. Then, an NI PXIe-1075 5646R plat-
form without impairments was employed to down-convert
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FIGURE 12. OFDM 64QAM signal to verify the loopback calibration
performance for the AD9371 TX/RX module: (a) EVM = −32.7038 dB
before calibration and (b) −42.1281 dB after calibration.

FIGURE 13. Measurement platform of ITRI TX RF calibration.

FIGURE 14. Single tone at 1030 MHz to verify the calibration
performance for the ITRI TX module: (a) IMRR = 17.45 dB before
preprocessing and (b) 52.04 dB after preprocessing.

FIGURE 15. OFDM 16QAM signal to verify the calibration performance for
the ITRI TX module: (a) IMRR = −13.826 dB before preprocessing and
(b) −33.2613 dB after preprocessing.

the ITRI RF signal into an I/Q signal. After the down-
conversion, the RX signal was processed using the proposed
calibration schemes. After the RF impairment parameters
were estimated, we exploited the TX signal tone and multi-
carrier signals to test the TX calibration performance. For the
single-tone test at 1030 MHz, the proposed method improved

the image and DC suppression performance (Fig. 14). The
performance improvement in the IMRR and DC offset were
approximately 35 and 30 dB, respectively.

For the OFDM 16QAM test signal, the improvement in
the EVM was approximately 20 dB after TX preprocessing
calibration (Fig. 15). The aforementioned simulation and
measurement results confirm that the proposed calibration
schemes can overcome WB RF imperfections and achieve
high-quality WB communication.

V. CONCLUSION
Frequency-dependent and frequency-independent I/Q imbal-
ances and DC offsets cannot be ignored in WB systems.
We propose a real-based parallel structure to estimate and
calibrate TX/RX RF impairments. In the proposed two-step
calibration (I suggest to use two-stage) procedure, RX cal-
ibration is performed before TX calibration. Through both
computer simulations and real-world experiments, the pro-
posed method is shown to successfully mitigate the joint
TX/RX WB RF impairments and considerably improve such
performance indices as IMRR, DC offsets, and EVM.

As for the future research directions, the proposed cal-
ibration techniques of I/Q imbalance and DC offsets can
be extended to the cases with other impairments [16], e.g.,
broad bandwidth I/Q imbalance [17], PA nonlinear dis-
tortion [18], [19], time-varying DC [18]–[21], and MIMO
coupling [14]. It is noteworthy that the proposed calibra-
tion techniques in this paper only consider the TX/RX RF
I/Q imbalance and DC offset effects. The other distortion
effects are out of the design scope of this paper. For the
future research issue of time-varying DC, i.e., adopting
the time-varyingDCmodel in [20], [21], the parameters of the
time-varying DC offset can be estimated and calibrated by the
proposed design flow in this paper. For the purpose of training
sequence design in this paper, the frequency offset BPSK and
QPSK training signals are designed for the RF calibrations
of the receiver and transmitter sides, respectively, which can
achieve the TX/RX loopback calibration. It is similar to the
work in [2] which designed the optimal training sequences
for TX/RX loopback calibration. However, it is different
from [22], in which the blind method was proposed only for
the RF calibration at the receiver side. For the training-based
approaches, the calibration is performed at the offline mode,
which does not occupy any resource at the online communica-
tion mode, while the training-based approaches are generally
more reliable than the blind approaches. For a broader band-
width, e.g., 1 GHz, the proposed calibration technique with
the larger size of the widely-linear filters can be designed
to compensate the distortion of the broadband frequency
dependent I/Q imbalance. The assumption of the larger size of
widely-linear filters is due to a higher sampling rate induced
by broadband bandwidth signals, which is similar to the
design of the pre-compensation filters in [17]. Moreover, for
the multiple impairments effect, the cascaded calibrations,
e.g., real-based parallel filters, decoupling, and digital pre-
distortion, can be designed to compensate the I/Q imbalance,
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TABLE 2. Comparison of the problem scope between this work and
others.

coupling, and nonlinear impairments, respectively. Finally,
we provide a comparison table to summarize the state of the
art in RF impairments calibration in order to highlight the
possible future research issues related to this work, which is
shown in Table 2.
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