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Abstract—This paper investigates the effect of in-phase and
quadrature timing mismatch (IQTM) on millimeter-wave system
performance and reveals that the IQTM, which is commonly
neglected in the literature, degrades system performance significantly. As a solution to this IQTM problem, this paper proposes
novel pilot designs for transmit and receive IQTM estimation,
and develops corresponding estimators. Simulation results show
that our proposed pilot designs and estimators offer an efficient
solution to the IQTM problem.
Index Terms—IQ timing mismatch, Pilot designs, Estimation,
RF distortions, Millimeter-wave

I. I NTRODUCTION
RF distortions are non-negligible for the emerging
millimeter-wave systems [1]–[3]. The existing RF distortion
estimation/compensation schemes usually focus on in-phase
and quadrature amplitude and phase imbalance (IQI) [4]–
[10], phase noise (PN) or PN plus carrier frequency offset
(CFO) [11], PN plus IQI [12], [13]. Due to CMOS process
variations and the very high sampling frequency used in the
millimeter-wave regime, the difference in signal propagation
and processing times of the circuits between the in-phase and
quadrature parts of the signal could be significant relative to
the sampling interval. This leads to a timing (delay) mismatch
between the in-phase and quadrature paths, which we term
in-phase and quadrature timing mismatch (IQTM), at both
the transmitter (TX) and receiver (RX). To the best of our
knowledge, there are only a couple of existing works [14] and
[15] which are related to IQTMs. Reference [14] considered
a 4x4 MIMO-OFDM system and proposed a method for estimation and compensation of IQTM. Reference [15] evaluated
effects of IQTM on the system performance for an optical
communication system, but no estimation and compensation
schemes were proposed. Both [14] and [15] consider RX
IQTM only, thus, they are not applicable to systems with
TX IQTMs. Furthermore, other RF distortions such as PN
and CFO were not included in their study, which limits the
applicability of their methods/results.
Our main contributions in this paper are pilot designs for
IQTM estimation and corresponding IQTM estimators for
systems with several RF distortions such as PN, CFO, IQI,
and IQTM at both TX and RX.

The rest of the paper is organized as follows. Section II
presents signal model and Section III describes pilot designs
for IQTM. Estimation and compensation of IQTM are described in Section IV. Performance evaluation results are discussed in Section V. Conclusions are provided in Section VI.
II. S IGNAL M ODEL WITH RF D ISTORTIONS INCLUDING
DAC/ADC IQ T IMING M ISMATCHES
In this section, we develop the signal model under various
RF distortions such as CFO, PN, IQI, sampling frequency
offset (SFO), sampling time offset (STO), and IQTM. Since
the single-carrier frequency domain equalization (SC-FDE)
can be viewed as discrete Fourier transform (DFT) precoded
OFDM, our signal model will be presented based on OFDM
with a DFT size of NDFT . The TX has UT digital-to-analog
conversion (DAC) branches and each branch is connected
to VT antenna elements. The RX has UR analog-to-digital
conversion (ADC) branches and each branch is connected
to VR antenna elements. The DAC (ADC) branch index is
denoted by u1 (u2 ) and the antenna index connected to a DAC
(ADC) branch is referred to by v1 (v2 ).
Let {cu1 ,k } represent the TX IDFT output signal (after
cyclic prefix (CP) insertion) for the input frequency-domain
symbols {Cu1 [k]}. Denote the TX pulse shape filter impulse
response as gT (t) and the TX sampling period at the output of
IDFT as Ts . The OFDM modulated and pulse shape filtered
signal at the DAC branch u1 without IQTM is given by
∑
su1 (t) =
cu1 ,k gT (t − kTs ).
(1)
k

When there is IQTM at TX, such time mismatch can be
modeled by introducing a time delay τtx,u1 to the imaginary
part of su1 (t) with respect to the real part of su1 (t) (or the
reverse order), where τtx can take either a positive or negative
value. With the IQTM, the signal at the output of the DAC
branch u1 becomes
s̆u1 (t) = ℜ{su1 (t)} + jℑ{su1 (t − τtx,u1 )}

(2)

where ℜ{·} and ℑ{·} denote the real part and imaginary part
respectively. The effects of TX IQI and PN are modeled by
[
]
xu1 ,v1 (t) = µT,u1 ,v1 s̆u1 (t) + νT,u1 ,v1 s̆∗u1 (t) ejϕT ,u1 (t) (3)
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where µT,u1 ,v1 and νT,u1 ,v1 are TX IQI coefficients, ejϕT ,u1 (t)
is TX PN (which also absorbs TX CFO), and the superscript *
is the conjugate operation. Next, the received signal at antenna
v2 in ADC branch u2 is given by
ru2 ,v2 (t) =

UT ∑
VT ∑
L
∑

2
xu1 ,v1 (t − τl )ejθT ,u1 ,v1 huu21 ,v
,v1 (t, l)

u1 =1 v1 =1 l=1

+ wu2 ,v2 (t)

(4)

where we assume that each multipath channel has L paths,
2
huu21 ,v
,v1 (t, l) is the lth tap channel coefficient at time t between
antenna element v1 in TX DAC branch u1 and antenna
element v2 in RX ADC branch u2 , ejθT ,u1 ,v1 is the TX analog
beamforming coefficient, and wu2 ,v2 (t) is an additive white
Gaussian noise process. Then, after analog beamforming at
RX, the signal at the ADC branch u2 is given by
ru2 (t) =

VR
∑

[Y̆u2 ]RI ≈
e

jθR,u2 ,v2

ru2 ,v2 (t)

(5)

v2 =1
jθR,u2 ,v2

where e
is the RX analog beamforming coefficient.
Let µR,u2 and νR,u2 denote the RX IQI coefficients, αu2 be
the RX CFO, gR (t) stand for the impulse response of the RX
filter, and e−jϕR,u2 (t) represent the RX PN. After experiencing
PN, CFO and IQI, the signal becomes
(
)
ỹu2 (t) =µR,u2 ru2 (t)e−jϕR,u2 (t) e−j2παu2 t
(
)∗
+ νR,u2 ru2 (t)e−jϕR,u2 (t) e−j2παu2 t . (6)
After passing through the receive filter, the output signal is
yu2 (t) = ỹu2 (t) ∗ gR (t)

(7)

where ∗ denotes the convolution. Define the following:
r̄u2 (t) , ru2 (t)e−jϕR,u2 (t)

(8)

g̃R (t) , e

(9)

r̃u2 (t) ,

j2παu2 t

gR (t).
−j2παu2 t
e
{r̄u2 (t)

=e

−j2παu2 t

to the NDFT samples {y̆u2 [k]} of an OFDM symbol yields
the received signals {Y̆u2 [n]} on the NDFT subcarriers where
n is the subcarrier index.
Suppose the system uses N (< NDFT ) subcarriers with
subcarrier indexes {ki : i = 1, · · · , N } where ki and
kN +1−i are a mirror tone pair, i.e., ki = −kN +1−i modulo
NDFT . Define the frequency-domain received signal vector
as Y̆u2 = [Y̆u2 [k1 ], · · · , Y̆u2 [kN ]]T and the frequency-domain
transmit signal vector from the DAC branch u1 as Cu1 =
T
[Cu1 [k1 ], · · · , Cu1 [kN ]] . Next, for a compact presentation,
for a vector X, let [X]RI represent [ℜ{XT }, ℑ{XT }]T where
the superscript T is the transpose operator. Then, after some
manipulation (details are omitted due to the space limitation),
we obtain an approximate frequency-domain signal model in
the matrix form as

∗ g̃R (t)}
{
}
(ru2 (t)e−jϕR,u2 (t) ) ∗ g̃R (t) .

(10)

Then, we can express (7) as
yu2 (t) = µR,u2 r̃u2 (t) + νR,u2 r̃u∗ 2 (t)

(11)

When there is a RX IQTM, such time mismatch can be
modeled by introducing a time delay τrx,u2 to the imaginary
part of yu2 (t) with respect to the real part of yu2 (t). Then,
the corresponding receive filter output signal is

UT
∑

where Λtx,u1 and Λrx,u2 are the matrices representing the TX
IQTM effect and the RX IQTM effect and they are given by
(14) and (15) (see at the top of next page) with J = fliplr(I)
where fliplr is the MATLAB function which flips the matrix
(or row vector) from left to right, and


−j2πkN τ
−j2πk τ
 1 + e NDFT T1 s′
1 + e NDFT Ts′ 
,··· ,
, (16)
ΛD (τ ) = diag


2
2


−j2πkN τ
−j2πk τ
 1 − e NDFT T1 s′
NDFT Ts′ 
1−e
. (17)
ΛM (τ ) = diag
,··· ,


2
2
In (13), Qu2 u1 is the matrix representing the combined effects
of the channel and all considered RF distortions except IQTM,
and η̆u2 is the corresponding frequency-domain complex noise
vector. The equation (13) shows the decoupled operations of
IQTM and other RF distortions. When τtx,u1 = τrx,u2 = 0,
the IQTM matrices Λtx,u1 and Λrx,u2 reduce to an identity
matrix. In all of the above equations, the OFDM symbol index
is omitted for simplicity. We will include the OFDM symbol
index in later parts of the paper when needed.
Note that we use the time-domain signal models to generate
signals in our simulation while we apply the frequency-domain
signal model in our pilot designs, estimator development, and
IQTM compensation.
III. P ILOT D ESIGNS FOR IQTM S
A. Joint TX and RX IQTMs or TX-only IQTM
(i)

y̆u2 (t) = ℜ{yu2 (t)} + jℑ{yu2 (t − τrx,u2 )}.

(12)

If there is a SFO between the sampling frequencies of TX
IDFT and RX DFT, then the RX DFT sampling period Ts′
would be different from the TX IDFT sampling period Ts .
Furthermore, the RX filter output sampling time instant could
deviate from the optimal sampling instant, resulting a sampling
time offset t0 . Then, the sampled version of (12) is given by
y̆u2 [k] = y̆u2 (kTs′ + t0 ). After the CP removal, applying DFT

Λrx,u2 Qu2 u1 Λtx,u1 [Cu1 ]RI + [η̆u2 ]RI (13)

u1 =1

(m)

Suppose {τ̃rx,u2 : i = 1, 2, · · · , nτ,u2 } and {τ̃tx,u1 : m =
1, 2, · · · , nτ,u1 } represent the sets of the trial candidate values
(m)
for the RX IQTM and the TX IQTM, respectively. Let Cu1
(m)
be the N ×1 pilot vector to be used for τ̃tx,u1 and its subcarrier
indexes are mirror pairs.
First, we define an initial non-zero pilot tone index set
L
R
L
R
Jini = {Jini
, Jini
} where Jini
and Jini
represent the index
sets of the initial non-zero pilot tones at the left side and
the right side of the DC tone, respectively. Suppose that

[
Λtx,u1 =
Λrx,u2 =

[

(ℜ[ΛD (τtx,u1 )] + ℜ[ΛM (τtx,u1 )]J), (−ℑ[ΛD (τtx,u1 )] + ℑ[ΛM (τtx,u1 )]J)
(ℑ[ΛD (τtx,u1 )] + ℑ[ΛM (τtx,u1 )]J), (ℜ[ΛD (τtx,u1 )] − ℜ[ΛM (τtx,u1 )]J)
(ℜ[ΛD (τrx,u2 )] + ℜ[ΛM (τrx,u2 )]J), (−ℑ[ΛD (τrx,u2 )] + ℑ[ΛM (τrx,u2 )]J)
(ℑ[ΛD (τrx,u2 )] + ℑ[ΛM (τrx,u2 )]J), (ℜ[ΛD (τrx,u2 )] − ℜ[ΛM (τrx,u2 )]J)

the indexes of the used subcarriers are −NL , · · · , NR .
Note that other RF distortions such as PN and IQI introduce
inter-subcarrier interference (ICI) and mirror tone interference
(MTI) in frequency-domain. Assume that the one-side significant ICI spread is κ subcarriers and one-side significant MTI
spread is ι subcarriers1 . We design Jini such that the individual
ICI and MTI spreads of the non-zero pilot tones are decoupled.
To achieve this condition, the spacing of non-zero pilot tones
must be at least (2κ + 2ι + 2) tones at each side of the DC
tone, and the non-zero pilot tones at the left side and at the
right side are offset by (κ + ι + 1) tones. Mathematically, we
design Jini as
R
Jini
L
Jini

= κ + 1 : (2κ + 2ι + 2) : NR
=

R
fliplr(−Jini
)

−κ−ι−1

(18)
(19)

Alternatively, we can set
L
Jini
= fliplr(−κ − 1 : (−2κ − 2ι − 2) : −NL )

(20)

R
Jini

(21)

=

L
fliplr(−Jini
)

+κ+ι+1

which satisfy the required pilot condition.
We consider a single TX DAC branch first (while keeping
DAC branch index u1 for a clear connection to the case with
multiple DACs), and later we will extend the pilot design to
multiple DAC branches. As we will develop different pilot
(m)
L
sets for different trial candidate values {τ̃tx,u1 }, let Jm
and
R
Jm represent the initial non-zero pilot tone index sets at the
(m)
left and right side of the DC tone for τ̃tx,u1 . Furthermore, let
L
R
L
R
[Jini
]k and [Jini
]k stand for the kth elements of Jini
and Jini
,
respectively. Then, we design the initial pilot tone index set
(m)
L
R
Jm = {Jm
, Jm
} for τ̃tx,u1 as
L
L
L
L
]m+nτ,u1 , [Jini
]m+2nτ,u1 , · · · }
]m , [Jini
Jm
={[Jini
R
Jm

R
R
R
={[Jini
]m , [Jini
]m+nτ,u1 , [Jini
]m+2nτ,u1 , · · · }.
(m)
Cu1

(22)

for
Let pm
Next, we design the pilot vector
denote a |Jm | × 1 vector containing constant amplitude low
(m)
peak-to-average power ratio (PAPR) sequence for τ̃tx,u1 , and
Πm represent the N × |Jm | matrix which assigns pm to the
subcarrier indexes defined by Jm . Let the TX IQTM matrix
(m)
(m)
Λtx,u1 for τtx,u1 = τ̃tx,u1 be denoted by Λtx,u1 (τ̃tx,u1 ). From
(m)
(13), we observe that we can design Cu1 so that the effect
(m)
of the TX IQTM for τtx,u1 = τ̃tx,u1 is pre-compensated. This
design is given by
(m)

[C(m)
u1 ]RI = Λtx,u1 (−τ̃tx,u1 ) [Πm pm ]RI .
1 See

[16] for how to set the values of κ and ι.

(24)

,

(14)

,

(15)

]

(m)

Note that Cu1 has non-zero elements only at the subcarriers
(m)
(m)
defined by Jm for τ̃tx,u1 = 0 and by {±Jm } for τ̃tx,u1 ̸= 0.
The TX pilot vector is
∑

nτ,u1

Cu1 =

C(m)
u1 .

(25)

m=1

If multiple preamble symbols with the symbol index set
T are used, we denote the tone index sets by including the
symbol index t ∈ T . In this case, we have
L
L
Jini,t
= Jini
, t∈T
R
Jini,t
R
Jm,t
L
Jm,t

=
=
=

(26)

R
Jini
, t∈T
R
R
{[Jini ]βt,m +m , [Jini
]βt,m +m+nτ,u1 , · · · },
L
L
{[Jini ]βt,m +m , [Jini ]βt,m +m+nτ,u1 , · · · },

(27)
t ∈ T (28)
t ∈ T (29)

where {βt,m } are chosen such that the non-zero pilot tone
indexes of a trial candidate transmit IQTM collected from
all the preamble symbols cover the subcarrier index range
approximately evenly, and for t ∈ T ,
R
L
R
L
{Jm
, Jm
} ∩ {Jm
, Jm
} = ∅, m1 ̸= m2 .
1 ,t
1 ,t
2 ,t
2 ,t

(30)

R
L
R
L
Also note that {Jm,t
, Jm,t
} ∩ {Jm,t
, Jm,t
} = ∅, t1 ̸= t2 .
1
1
2
2
(m)

For τ̃tx,u1 at symbol t ∈ T , denote the constant amplitude
low-PAPR sequence vector by pm,t , the subcarrier assignment
(m)
matrix by Πm,t , and the corresponding pilot vector by Cu1 ,t .
(m)
Then, Cu1 ,t is designed as
(m)

(m)

[Cu1 ,t ]RI = Λtx,u1 (−τ̃tx,u1 ) [Πm,t pm,t ]RI , t ∈ T .

(31)

The TX pilot vector at preamble symbol t is

(23)

(m)
τ̃tx,u1 .

]

∑

nτ,u1

Cu1 ,t =

(m)

Cu1 ,t , t ∈ T .

(32)

m=1

B. RX-only IQTM
For the scenario with RX-only IQTM, the pilot design is
simply given by the non-zero pilot tone index set Jini as
defined in (18) and (19) or (20) and (21), and the constant
amplitude low-PAPR sequence transmitted on Jini . All of
the RX IQTM estimate candidates use the same received
pilots located at ±Jini . In this case, one preamble symbol
is typically sufficient if |Jini | is reasonably large to yield a
reliable variance metric. If multiple preamble symbols are
used, the same preamble can be repeated.

IV. E STIMATION AND C OMPENSATION OF IQTM S

D. Estimation of RX-only IQTM

A. Estimation Metric
For a TX non-zero pilot tone at index n and a TX null tone
Y̆ [−n]
at index −n, define ξn , Y̆u2∗ [n] . After some simplification
u2

(details are omitted due to the space limitation) of (13), we
ν
2
observe that ξn is approximately constant (≈ µR,u
) across
∗
R,u2
non-zero pilot tone index n if there is no IQTM, but ξn varies
across n if there are IQTM. Thus, we use the variance of ξn ,
denoted σξ2 , as the metric for estimating the IQTMs.
B. Joint Estimation of TX and RX IQTMs
Suppose that the system has both TX and RX IQTMs and
it uses the corresponding pilots (preambles) described in the
previous section. First, we apply compensation of RX IQTM
(i)
based on a candidate τ̃rx,u2 on the received frequency-domain
vector at OFDM symbol t ∈ T as
(i)

(i)
[(Y̆u2 ,t )]RI = Λrx,u2 (−τ̃rx,u
) [Y̆u2 ,t ]RI
2

(33)

(i)

where Λrx,u2 (−τ̃rx,u2 ) is given by (15) with τrx,u2 replaced
(i)
(m)
(i)
by −τ̃rx,u2 . Next, for a candidate IQTM pair (τ̃tx,u1 , τ̃rx,u2 )
(m,i)
and n ∈ Jm,t with t ∈ T , we define and compute ξn,t as
(i)

(m,i)

ξn,t

=

Y̆u2 ,t [−n]

(34)

(i)

(Y̆u2 ,t [n])∗

and the estimation metric value as


∑ ∑
1
(m,i)
|ξn,t |2 
t∈T |Jm,t | t∈T n∈J

∑ ∑ (m,i)
1
ξn,t
t∈T |Jm,t | t∈T n∈J

2

.

(35)

m,t

(m)

(i)

Among the candidate IQTM pairs {(τ̃tx,u1 , τ̃rx,u2 )}, the
estimator chooses the one with the smallest metric value as
(τ̂tx,u1 , τ̂rx,u2 ) = arg{(τ̃ (m)

(m)

(i)
tx,u1 ,τ̃rx,u2 )}

(i)
)}.
min{σξ2 (τ̃tx,u1 , τ̃rx,u
2

(36)
C. Estimation of TX-only IQTM
Consider the scenario with TX-only IQTM and the corresponding pilots as described in the previous section. Then, no
RX-side compensation is needed and we define and compute
Y̆u2 ,t [−n]
(m)
ξn,t =
, n ∈ Jm,t , t ∈ T ,
(Y̆u2 ,t [n])∗


∑ ∑
1
(m)
(m)
σξ2 (τ̃tx,u1 ) =  ∑
|ξn,t |2 
t∈T |Jm,t |

(37)

t∈T n∈Jm,t

2

∑ ∑ (m)
1
− ∑
ξn,t .
t∈T |Jm,t |

(38)

t∈T n∈Jm,t

Then, the corresponding TX IQTM estimator is given by
τ̂tx,u1 = arg{τ̃ (m)

tx,u1 }

(m)

min{σξ2 (τ̃tx,u1 )}.

Y̆u2 ,t [−n]

, n ∈ Jini , t ∈ T ,
(i)
(Y̆u2 ,t [n])∗
)
(
∑ ∑ (i)
1
2
2 (i)
σξ (τ̃rx,u2 ) =
|ξn,t |
|T ||Jini |

(40)

t∈T n∈Jini

2

−

∑ ∑ (i)
1
ξn,t .
|T ||Jini |

(41)

t∈T n∈Jini

The corresponding RX IQTM estimator is given by
τ̂rx,u2 = arg{τ̃ (i)

rx,u2 }

(i)
min{σξ2 (τ̃rx,u
)}.
2

(42)

E. IQTM Compensation
For a transceiver with stored IQTM estimates of {τ̂tx,u1 }
and {τ̂rx,u2 }, the TX IQTM compensation is performed on the
frequency-domain data vector as
[C̃u1 ]RI = Λtx,u1 (−τ̂tx,u1 ) [Cu1 ]RI

[(Ỹu2 )]RI = Λrx,u2 (−τ̂rx,u2 ) [Y̆u2 ]RI

m,t

− ∑

(i)

(i)

ξn,t =

(43)

where C̃u1 becomes IDFT inputs for OFDM signal generation.
The RX IQTM compensation is performed on the DFT output
frequency-domain vector at RX as



(i)
) = ∑
σξ2 (τ̃tx,u1 , τ̃rx,u
2
(m)

Suppose IQTM only exists at RX and the corresponding
pilots described in the previous section are used. First, we
(i)
apply compensation of RX IQTM based on a candidate τ̃rx,u2
as in (33) to the frequency-domain received vector at preamble
symbol t ∈ T . Then, we define and compute

(39)

(44)

where Ỹu2 is input to the modulation slicer or data detector.
In the above, we presented baseband DSP-based compensation for IQTM. If the transceiver has multi-phase filters or
DAC/ADC with adjustable sampling instants for introducing
different delays at the TX and RX chains, IQTM compensation
can also be implemented by such hardware-based mechanism.
V. P ERFORMANCE E VALUATION
A. System Setting
We consider an OFDM system with 64 antennas at BS
and 4 antennas at UE. The subcarrier spacing is 1.44 MHz
and the carrier frequency is 73 GHz. The bandwidth is
250 MHz, the DFT size is 256, and the number of used
subcarriers is 173. The channel model is based on the 3GPP
LTE channel model with two clusters where each cluster
has 20 sub-paths, the second clusters delay is about 80 ns
and its power is −9 dB with reference to the first cluster.
Analog beamforming is applied based on the mean arrival
angle of the sub-paths of the first cluster. We consider a
single data stream with 16-QAM. The PN power spectral
densities (PSD) at TX and RX are independently modeled as
PSD(f ) = PSD(0)[1 + ( ffz )2 ]/[1 + ( ffp )2 ] where PSD(0) =
−60 dBc/Hz, PSD(100k) = −75 dBc/Hz and PSD(∞) = −130
dBc/Hz. The CFOs at TX and RX sides are independent and
uniformly (as a worst case scenario) distributed within the
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Fig. 1. The impacts of IQTMs on the system’s BER performance (Ts
and Ts′ are the sampling periods for IDFT/DFT in OFDM modulation and
demodulation, respectively).

substantial. The above BER results clearly demonstrate that
a compensation scheme is needed to counter the effects of
IQTM.

10

Estimation failure probability

range of ±1 ppm, the RX SFO is set at 1 ppm and the RX
STO is uniformly (as a worst case scenario) distributed within
[−Ts′ /2, Ts′ /2]. IQIs are independent at TX and RX sides and
they are uniformly distributed within the range defined by the
maximum amplitude imbalance of 4 dB and the maximum
phase imbalance of 5 degrees. The mobile speed is 10 km/h.
We assume no nonlinear distortion. In the simulation, signals
are generated in the time domain with 4 times oversampling
of the DFT sampling frequency.
As a reference, we include the performance of the estimator
in [14] which assumes that CFO is pre-compensated and there
are no other RF distortions. Its estimator uses two preambles
with frequency-domain ∗symbols {C1∗[k]} and {C2 [k]} sepaC [N −k+1]
C [N −k+1]
̸= 0 for k ∈ P
rately and require that 1 C1 [k] − 2 C2 [k]
where P is the pilot index set. The signal is intentionally transmitted on pairs of mirror subcarriers to enable the key metric
Y̆2 [k]−C2 [k]Ĥ[k]
function D[k] = Y̆ ∗ [N −k+1]−C
in the receive
ideal [k]Ĥ[N −k+1]
2
IQTM only case, where Cideal [k] = C2 [k]C1∗ [N −k+1]/C1 [k]
and Ĥ[k] = Y̆1 [k]/C1 [k]. The principle behind this method is
that the metric value D[k] is a function of µR , νR , τrx , k, and
the larger τrx is, the larger the variance of {D[k], k ∈ P}
is. Reference [14] estimates τrx by comparing the variance of
{D[k], k ∈ P} to heuristic thresholds.
For the case with the RX-only IQTM, we use one preamble symbol with non-zero pilot tone spacing of 6 tones at
(i)
each side of the DC tone and use the candidate set {τ̃rx }
= {−Ts′ , −0.75Ts′ , · · · , Ts′ }. The reference estimator uses two
preamble symbols and each symbol use the same amount
of pilots and the same pilot tone spacing as the proposed
estimator. For the case with the TX-only IQTM, we use the
(i)
candidate set {τ̃tx } = {−Ts , −0.75Ts , · · · , Ts }. The number
of preamble symbols is the same as the number of candidate
points for the TX IQTM. Each preamble symbol has non-zero
pilot tones with tone spacing of 6 tones at each side of the
DC tone and they are assigned alternately among the IQTM
candidate points as described in the pilot design section.
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B. Impact of IQTM on BER
We first evaluate the impact of IQTM on system’s bit error
rate (BER), thus no IQTM compensation is applied here.
We simply consider a preamble OFDM symbol followed by
a pilot-data multiplexed OFDM symbol carrying 16-QAM
symbols and pilot tones. The preamble and pilots are for
estimating the channel and RF distortions (other than IQTM).
These preamble and pilot designs, their corresponding estimators, ICI and MTI compensation and data detection are
according to [16]. In Fig. 1, we present the effects of IQTMs
on BER at different Eb /N0 values for systems with TX-only
IQTM, RX-only IQTM, and both TX and RX IQTMs. We
observe that the BER performance degrades as the IQTM
increases and the BER performances for TX-only IQTM and
RX-only IQTM are practically the same. The IQTMs at both
TX and RX cause more BER degradation than the IQTM at
one side only. If compared to the case without any IQTM,
the BER performance degradation caused by the IQTM is

Rx-only IQTM, τrx = 0.25 Ts
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Fig. 2. Estimation failure probabilities for systems with TX-only IQTM and
RX-only IQTM

C. Estimator Performance
We first evaluate TX-only IQTM case and RX-only IQTM
case. Fig. 2 presents the estimation failure probability of
the reference estimator for the RX-only IQTM case and the
proposed IQTM estimators for the TX-only and RX-only
IQTM cases. We see that the proposed RX IQTM estimator
has significant advantage compared to the reference estimator.
The reference estimator is developed without considering TX
IQTM, so it cannot estimate TX IQTM. We also observe that
the estimation failure probabilities of the proposed estimators
for the TX-only and RX-only IQTM cases are similar.
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The timing mismatches between the in-phase and quadrature
paths of the transmitter and the receiver represent an important and challenging issue to overcome for millimeter-wave
communication systems. We illustrated significant impact of
IQTM on the system BER performance. We presented novel
pilot designs as well as the IQTM estimators for TX-only
IQTM, RX-only IQTM and both TX and RX IQTMs, which
are applicable in OFDM and SC-FDE systems. The simulation
results show that the proposed pilot designs and IQTM estimators substantially outperform the existing method in terms
of estimation performance and general applicability.
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Fig. 3. TX IQTM estimation failure probability of the proposed method in
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Fig. 4. RX IQTM estimation failure probability of the proposed method in
systems with both TX and RX IQTMs

Next, we evaluate the estimator performance in systems
with both TX and RX IQTMs. For the proposed estimator, we
(i)
use the candidate set {τ̃tx } = {−Ts , −0.75Ts , · · · , Ts } and
(i)
{τ̃rx } = {−Ts′ , −0.75Ts′ , · · · , Ts′ }. Fig. 3 and Fig. 4 show
the estimation failure probability of the TX IQTM and the RX
IQTM, respectively, for the proposed method under several
IQTM settings. In Fig. 4, we also include the performance of
the reference estimator when τtx = 0.25Ts . We observe that
the reference estimator fails in the presence of TX IQTM.
It is expected as the reference estimator relies on heuristic
thresholds which are calculated based on RX-only IQTM
candidates. Next, comparing with Fig. 2, we observe that
IQTMs at both the TX and RX cause larger estimation failure
probability than individual IQTM cases. But the proposed
method still gives good performance.
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