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ABSTRACT The millimeter wave (mmWave) multiple-input multiple-output (MIMO) orthogonal fre-
quency division multiplexing (OFDM) systems communicate at the extremely high-frequency band. In the
extremely high band, the channel state information (CSI) from channel estimation will be outdated quickly,
and herein, seriously degrading the system performance. In this paper, we focus on the channel prediction
to obtain prior CSI in mmWave MIMO-OFDM systems. First, the mmWave MIMO-OFDM channel is
categorized and represented in four domains: the array-frequency, array-time, angle-frequency, as well as
angle-time. Then, for the above four domains, we investigate the effects of the channel representations on
channel prediction, and analyze themean-squared error performance as well as the computational complexity
of the investigated prediction methods. We derive that the angle-time-domain prediction method achieves
higher accuracy than the other three prediction techniques. In addition, we propose an enhanced angle-time-
domain channel predictor by exploiting the spatial-time sparsity of the MIMO-OFDM channel to further
improve the prediction accuracy. Finally, the simulation results confirm the statistical analysis and verify the
superiority of the proposed predictors.

INDEX TERMS Channel prediction, channel representations, millimeter wave, sparse channel,
MIMO-OFDM systems.

I. INTRODUCTION
Multi-input multi-output (MIMO) and orthogonal frequency
division multiplexing (OFDM) are two key technologies to
improve communications over a wireless channel [1]. With
multiple transmit and multiple receive antennas, MIMO sys-
tems can obtain either a diversity gain or a multiplexing
gain compared with the single-input single-output (SISO)
systems [2]. Meanwhile, on wideband transmission, OFDM
systems have a superior ability to mitigate inter-symbol
interference (ISI) without the need of sophisticated equal-
ization techniques compared with the single-carrier (SC)
systems [3]. Recently, the millimeter wave (mmWave) com-
munication is regarded as one of the most potential solutions
for the exponentially expanding wireless data traffic in the
future, due to the wide usable spectrum in the millimeter

waveband [4], [5]. Almost all mobile communication sys-
tems today use spectrum in the range of 300 MHz-5 GHz,
while the mmWave systems typically use frequencies at
6 GHz-100 GHz (although the wavelength of 6 GHz-30 GHz
is actually in centimeter level) [6], [7]. The mmWave sys-
tems enable gigabit-per-second data rates to meet the future
demands for mobile traffic by leveraging the abundant fre-
quency spectrum resource. To compensate for huge pathloss
of communication in mmWave bands, MIMO technique
is fundamental for providing beamforming gain to ensure
coverage of a serving cell [8]–[10]. To fully exploit the
ultra-wideband communication resources of mmWave com-
munication, OFDM method is necessary for communication
systems to convert the frequency-selective fading channels
into a parallel collection of frequency-flat sub-channels and
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reducing ISI [7]. Therefore, the combination of mmWave,
MIMO and OFDM has been considered as a promising tech-
nology for the wireless communication systems [11]–[13].

MmWave communication systems face several new design
challenges as compared to the conventional lower-frequency
counterparts [14], [15]. In particular, due to the significantly
higher frequency used, mmWave channels usually suffer
from much faster variation [16], [17], thus the mmWave
channel coherent time maybe significantly reduced [18] and
becomes shorter than the frame transmission time. There are
at least two types of techniques seriously affected by the
above challenge. The first type of technique is the coherent
signal detection at receiver. In the coherent signal detection,
accurate channel estimates are required at the receiver to
achieve the symbol detection. Traditionally, channel esti-
mation is usually obtained in a data-aided mode, where
pilots known to the receiver are transmitted in each frame
to enable the estimation method at each pilot position [19].
Then, the estimated CSI is used for the detection of data in
the frame. However, the CSI acquisition based on channel
estimation in mmWave MIMO-OFDM systems may pro-
vide outdated information, thus seriously degrade the signal
detection performance. The other type of technique is the
adaptive transmission. Adaptive transmission has been pro-
posed to provide high throughput for many communication
systems [20], and shown to play a key role in the choice of
space-time algorithms, the use of adaptive modulation and
coding, and the number of antennas employed at both ends
of the radio link. Adaptive transmission invariably requires
accurate CSI on the upcoming transmission frame. In the
rapidly time-varying mmWave channels, the CSI obtained by
channel estimation will be outdated soon, and can not satisfy
the demand of adaptive transmission. In both circumstances,
reliable channel prediction is necessary to forecast the chan-
nel variation [21].

Channel prediction techniques have been studied to
effectively compensate for the outdated CSI in the sce-
nario where the SISO SC systems work in flat fading
channels [22]–[24]. Recently, the channel prediction concept
has been extended to the MIMO-OFDM systems that operate
in frequency-selective channels [25], [26]. Generally speak-
ing, the MIMO-OFDM channel can be represented in two
types: the former is related to the MIMO technique, and
it is configured as in either array domain (ARD) or angle
domain (AGD); the latter is related to the OFDM technique,
and it is configured as in either frequency domain (FD)
or time domain (TD). Therefore, the MIMO-OFDM chan-
nel can be represented in four combinatorial domains: the
array-frequency domain (AR-FD), the array-time domain
(AR-TD), the angle-frequency domain (AG-FD), and the
angle-time domain (AG-TD). The channel estimation for
the above channel representations in MIMO-OFDM sys-
tems have been addressed in [27]–[31]. However, the study
in [27]–[31] did not extend to channel prediction. For the
MIMO systems, the minimum mean-square-error (MMSE)
or adaptive channel predictors are proposed in [26], [32],

and [33], and a parametric-model-based channel prediction
method is proposed in [34]. They all work on each pair
of antennas in the ARD. For the OFDM systems, most of
the existing predictors are realized on each subcarrier in
the FD [35]–[37], while [38] proposes to predict the chan-
nel coefficients in the TD. For the MIMO-OFDM sys-
tems, the previously proposed prediction methods operate
on each subcarrier in each antenna pair of MIMO-OFDM
channel [18], [25], [26], [39]. Since channel vector is deter-
mined by the direction of arrival (DOA) information and the
gain information, [40] and [41] propose a channel tracking
method for mmWave massive MIMO systems, which oper-
ates the channel tracking in the angle domain by tracking the
DOA and estimating its corresponding gain.

To the best of our knowledge, the existing papers did not
consider to predict the mmWave channels in the combina-
torial domains which are derived from the aforementioned
two domain types, and also did not study the effects of the
channel representations on the channel prediction, which will
be our main focus in this paper. We first derive the channel
prediction techniques in the AR-FD, the AR-TD, the AG-FD,
and the AG-TD. The autoregressive (AR) model is employed
to conduct prediction on each domain and then estimate
the CSI according to the MMSE prediction assisted from a
number of past estimates. Moreover, we study the effects of
channel representation in MIMO-OFDM systems on channel
prediction, and show the MSE performance of the proposed
prediction methods. We verify that the TD and the AGD
channel prediction are respectivelymore accurate than the FD
and the ARD channel prediction. Furthermore, it is derived
that the AG-TD prediction method is more accurate than the
other three techniques. To improve the channel prediction
performance in the AG-TD, we also propose an enhanced
AG-TD prediction method, which exploits the sparse fea-
tures of a realistic radio channel in both the AGD and the
TD. The computational complexity comparisons of the four
domain prediction methods are conducted, and show that
the enhanced AG-TD reduces the computation a lot due to
the exploitation of sparse features of channel. Simulation
results are then used to confirm the analysis, and verify the
effectiveness of the proposed prediction techniques.

The remainder of this paper is organized as follows.
Section II describes the mmWave MIMO-OFDM system
model. Section III briefly studies the MIMO-OFDM chan-
nel representations and their relationships, as well as the
statistics. Section IV derives the mmWave channel prediction
techniques in the individual domains. Section V compares
performance among different predictors, including the MSE
performance, computational complexity, and some further
discussions. Section VI proposes the enhanced AG-TD pre-
diction method. Section VII illustrates the performance eval-
uations, while Section VIII is the conclusion.

II. mmWave MIMO-OFDM SYSTEM MODEL
Fig. 1 shows a typical mmWave MIMO-OFDM system
model. We consider a MIMO system deploying uniform
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FIGURE 1. MIMO-OFDM system model.

linear arrays (ULA) geometry at both ends with Nr receive
and Nt transmit antennas. Therefore, the MIMO channel con-
sists of Nr × Nt propagation sub-channels. As the mmWave
channel is usually wideband and frequency-selective,
an OFDM technique with K sub-carriers is combined with
the MIMO technique to turn the frequency-selective fad-
ing channel into a set of flat fading channels. At time n,
the input data block is mapped into Nt complex constellation
sequences {Xv [n, 0] ,Xv [n, 1] , · · · ,Xv [n,K − 1]}, for v =
0, 1, · · · ,Nt − 1. Then, the OFDM uses an inverse discrete
Fourier transform (IDFT) to modulate the transmit signal
and a DFT to demodulate the received signal. With proper
cyclic prefix (CP) length Lcp, the received signal after DFT
at receiver u can be given by [1]

Ru [n, k] =
Nt−1∑
v=0

Huv [n, k]Xv [n, k]+ Zu [n, k], (1)

where Huv [n, k] is the channel frequency response from the
vth transmitter to the uth receiver on the subcarrier k of
the OFDM block at time n, and Zu [n, k] is the additive
white Gaussian noise (AWGN). For each OFDM subcarrier
k , columnwisely arrange Ru [n, k], u = 0, 1, · · · ,Nr − 1 into
a vector r [n, k], and then (1) can be rewritten in the matrix
form of

r [n, k] = H [n, k] x [n, k]+ z [n, k] , (2)

where

r [n, k] =
[
R0 [n, k] R1 [n, k] · · · RNr−1 [n, k]

]T
x [n, k] =

[
X0 [n, k] X1 [n, k] · · · XNt−1 [n, k]

]T
z [n, k] =

[
Z0 [n, k] Z1 [n, k] · · · ZNr−1 [n, k]

]T
, (3)

and the superscript ‘‘T ’’ denotes the transpose operator.
H [n, k] represents the channel for the kth subcarrier of

the nth OFDM symbol, as shown in (4), at the top of the
next page. H [n, k] is the so called AR-FD representation of
MIMO-OFDM channel.

The channel estimation followed by the channel prediction
is also shown in Fig. 1. To predict the future channel weights,
the channel estimators in [1], [43], and [44] should be con-
ducted at first. For the channel estimation, it is necessary to
insert the pilot symbols. Note that in order to perform channel
prediction, the channel sampling rate (pilot density) should be
higher than the Nyquist rate which is twice of the maximum
Doppler frequency occurring with the wireless channel. With
pilot symbols, the estimates of corresponding channel can
be obtained. In this paper, we focus on the channel predic-
tion technique and specify no particular channel estimation
method. We just give out the estimation result at the pilot
position directly as follows

H̃uv [n, k] = Huv [n, k]+ Nuv [n, k] , (5)

where Nuv [n, k] is the estimation noise assumed to be a
zero mean Gaussian random variable with variance σ 2. Here,
we define the estimation SNR as

SNRestm = E
{
‖H [n, k]‖2

}/
σ 2.

III. mmWave MIMO-OFDM CHANNEL CHARACTERISTICS
Before investigating channel prediction for MmWave
MIMO-OFDM systems, we describe the channel representa-
tions in four domains, and emphasize the relationships among
the four representations. In this section, we also investigate
the statistics of the four channel representations.

A. CHANNEL REPRESENTATIONS AND THEIR
RELATIONSHIPS
The mmWave MIMO-OFDM channel is usually introduced
in the AR-TD, and thus we first describe the AR-TD channel
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H [n, k] =


H00 [n, k] H01 [n, k] · · · H0(Nt−1) [n, k]
H10 [n, k] H11 [n, k] · · · H1(Nt−1) [n, k]

...
...

. . .
...

H(Nr−1)0 [n, k] H(Nr−1)1 [n, k] · · · H(Nr−1)(Nt−1) [n, k]

. (4)

representation. The MIMO channel impulse response (CIR)
can be extended from the common SISO channel model [27],
and the complex baseband representation of a SISO CIR can
be given as

c (t, τ ) =
∑
k

ck (t) δ (τ − τk), (6)

where τk is the delay of the kth channel tap, and ck (t) is the
corresponding tap gain. Due to the motion of the receivers,
the kth channel tap gain ck (t) can be modeled as a sum of Lk
complex sinusoids as

ck (t) =
Lk−1∑
l=0

αk,lejwk,l t , (7)

where αk,l is the scattering coefficient of the lth sinusoid in
tap k , wk,l is the corresponding Doppler frequency. Then,
the SISO channel can be extended to the MIMO channel by
adding the spatial dimension as [27]

h (t, τ ) =
∑
k

Ck (t) δ (τ − τk), (8)

where Ck (t) is the kth tap of MIMO channel, given as

Ck (t) =
Lk−1∑
l=0

er
(
�r
k,l
)
αk,l

√
NrNtejwk,l teHt

(
�t
k,l
)
, (9)

the superscript ‘‘H ’’ denotes the Hermitian transpose oper-
ater, and er

(
�r
k,l

)
and et

(
�t
k,l

)
are the array steering

vectors for the receive and transmit antennas, respectively.
er
(
�r
k,l

)
and et

(
�t
k,l

)
can be expressed as

er
(
�r
k,l
)
=

1
√
Nr

[
1, ej2π1r�

r
k,l , · · · , ej2π(Nr−1)1r�

r
k,l

]T
et
(
�t
k,l
)
=

1
√
Nt

[
1, ej2π1t�

t
k,l , · · · , ej2π(Nt−1)1t�

t
k,l

]T
,

(10)

where1r is the separation distance between adjacent receive
antennas normalized by λc, and λc is the wave length;�r

k,l =

sinϕrk,l , and ϕ
r
k,l is the DOA of sinusoid l in channel tap k at

the receiver; 1t is the separation distance between adjacent
transmit antennas normalized by λc;�t

k,l = sinϕtk,l , and ϕ
t
k,l

is the direction of departure (DOD).
For the OFDM system with symbol period Ts and subcar-

rier spacing 1f , the discrete-time channel impulse response
can be obtained by sampling from h (t, τ ), and is given as
h [n, l], with its element huv [n, l] = huv

(
nTs, l

/
(1fK )

)
being the lth channel tap at the nth OFDM symbol from
the vth transmitter to the uth receiver. Then, h[n, l],s, for

l = 0, 1, · · · ,Lt − 1 are the AR-TD representation of
MIMO-OFDM channel, where Lt is the number of channel
taps. In the receiver, by taking the DFT of the AR-TD channel
representation, we can obtain the AR-FD channel representa-
tion in (4) as

Huv [n, k] =
1
√
K

Lt−1∑
l=0

huv [n, l] e−j2πkl/K . (11)

(11) transforms the AR-TD channel representation into the
AR-FD representation by using DFT operation, and herein
the inverse transformation can be conducted using the IDFT
operation.

According to [27] and [30], the AG-FD channel represen-
tation can be related to the AR-FD domain channel as

Ha [n, k] = UH
r H [n, k]U t , (12)

where the superscript ‘‘a’’ denotes the angle-domain vari-
ables,Ur andU t are theNr×Nr andNt×Nt unitary matrices
respectively, and their (k, l) th entries are

1
√
Nr

exp
(
−
j2πkl
Nr

)
, k, l = 0, 1, · · · ,Nr − 1,

1
√
Nt

exp
(
−
j2πkl
Nt

)
, k, l = 0, 1, · · · ,Nt − 1, (13)

respectively. Hence, the transformation matrices Ur and U t
are unitary DFT matrices in this case, and they divide the
AR-FD channel H [n, k] into Nr receive angular regions
and Nt transmit angular regions, respectively. The entry of
AG-FD channel, Ha

αβ [n, k], represents the channel gain from
the βth transmit angular bin to the αth receive angular
bin. Equation (12) transforms the AR-FD representation into
AG-FD representation via a two-dimensional Fourier trans-
formation. Similarly, we can transform the AR-TD channel
representation into AG-TD representation as

ha [n, l] = UH
r h [n, l]U t . (14)

where its element haαβ [n, l] is the lth channel tap at the nth
OFDM symbol from the βth transmit angular bin to the αth
receive angular bin.

For clarity, the relationships among the four channel repre-
sentations are concluded as follows. On one hand, the OFDM
technique employs DFT in the receiver to transform the TD
channel into FD, and thuswe can establish the frequency-time
relationship of channel through DFT and IDFT [38], [42].
On the other hand, the MIMO technique extends the radio
channel into space, for which we can abstract the ARD
model into AGD model in terms of spatially resolvable
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FIGURE 2. Relationships among the channel representations.

paths [27], [28]. The details of the relationships are shown
in Fig. 2.

B. CHANNEL STATISTICS
The channel taps with different delays are often assumed to be
wide sense stationary (WSS), independent, and narrowband
complex processes. Meanwhile, in each channel tap, different
physical paths (sinusoids) contribute to different AGD bins,
and thus the channel coefficients in different AGD bins can
be assumed to be spatially uncorrelated [27]. Therefore, the
AG-TD channel correlation function can be expressed as

rha [1n,1α,1β,1l]

= E
{
haαβ [n, l]

(
haα′β ′

[
n′, l ′

])∗}
= rhaαβ,l [1n] δ [1α] δ [1β] δ [1l], (15)

where 1n = n − n′, 1α = α − α′, 1β = β − β ′,
1l = l − l ′, and rhaαβ,l [1n] is the temporal correlation for
the lth channel tap from the βth transmit angular bin to the
αth receive angular bin.
Based on the AG-TD channel correlation in (15) and the

relationships shown in Fig 2, we can respectively derive
the channel correlations in the AG-FD, the AR-TD, and the
AR-FD as follows:

rHa [1n,1α,1β,1k]

= E
{
Ha
αβ [n, k]

(
Ha
α′β ′

[
n′, k ′

])∗}
= E

{
1
√
K

K−1∑
l=0

haαβ [n, l] e
−j2π kl

K

×

(
1
√
K

K−1∑
l′=0

haα′β ′
[
n′, l ′

]
e−j2π

k′ l′
K

)}

=
1
K

K−1∑
l=0

K−1∑
l′=0

E
{
haαβ [n, l]

(
haα′β ′

[
n′, l ′

])∗}
ej2π

k′l′−kl
K

=
1
K

K−1∑
l=0

rhaαβ,l [1n] e
j2π l −1kK δ [1α] δ [1β], (16)

rh [1n,1u,1v,1l]

= E
{
huv [n, l]

(
hu′v′

[
n′, l ′

])∗}
= E

 1
√
Nr

Nr−1∑
α=0

 1
√
Nt

Nt−1∑
β=0

haαβ [n, l] e
−j2π vβ

Nt

e−j2π uα
Nr

×

 1
√
Nr

Nr−1∑
α′=0

 1
√
Nt

Nt−1∑
β ′=0

haα′β ′
[
n′, l ′

]
e−j2π

v′β′
Nt


×e−j2π

u′α′
Nr

)∗}
=

1
NtNr

Nr−1∑
α=0

Nt−1∑
β=0

rhaαβ,l [1n] e
j2πβ −1vNt ej2πα

−1u
Nr δ [1l],

(17)

rH [1n,1u,1v,1k]

= E
{
Huv [n, k]

(
Hu′v′

[
n′, k ′

])∗}
=

1
NtNrK

Nr−1∑
α=0

Nt−1∑
β=0

K−1∑
l=0

rhaαβ,l [1n] e
j2π l −1kK ej2πβ

−1v
Nt

× ej2πα
−1u
Nr , (18)

where 1k = k − k ′, 1u = u− u′, and 1v = v− v′.

IV. mmWave MIMO-OFDM CHANNEL PREDICTION
TECHNIQUES
To predict the radio channel in each representation, we should
first obtain the channel estimates in each representation.
In mmWave MIMO-OFDM systems, channel estimation is
usually conducted in the AR-FD as (5), and the channel
estimations in other domains can be transformed from the
AR-FD channel estimates according to the relationships
in Fig 2. As the coherent signal detection and adaptive trans-
mission are performed in the AR-FD, the prediction results in
other domain representations should be transformed back into
AR-FD. In the following, we introduce the channel prediction
technique in each domain.

A. AR-FD CHANNEL PREDICTION
For k = 0, 1, · · · ,K − 1, the MMSE channel prediction can
be performed on each entry of the estimated AR-FD channel
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H̃ [n, k] as

Ĥuv [n+M , k] =
P−1∑
p=0

dHuv,k (p)H̃uv [n− pM , k], (19)

where P is the prediction order, M is the sample (pilot)
interval, and dHuv,k (p), for p = 0, 1, · · · ,P − 1 are
the optimal prediction coefficients in the MMSE mean
for the kth subcarrier from the vth transmitter to the
uth receiver. The prediction coefficient in the vector form
dHuv,k =

[
dHuv,k (0) , dHuv,k (1) , · · · , dHuv,k (P− 1)

]T can be
computed as

dHuv,k =
(
RHuv,k + σ

2I
)−1

rHuv,k , (20)

where

rHuv,k =
[
rHuv,k [M ] , rHuv,k [2M ] , · · · , rHuv,k [PM ]

]T
, (21)

and RHuv,k is given in (22), as shown at the top of the next
page. The elements of RHuv,k and rHuv,k can be given as

rHuv,k [nM ] = rH [nM , 0, 0, 0] , n = 0, 1, · · · ,P.

The MSE of the predicted AR-FD channel can be given as

MSEAR−FD

=
1

NrNtK

Nr−1∑
u=0

Nt−1∑
v=0

K−1∑
k=0

[
rHuv,k [0]− r

H
Huv,kdHuv,k

]
. (23)

B. AG-FD CHANNEL PREDICTION
Due to the use of MIMO technique, the AR-FD estimates of
MIMO-OFDM channel can be transformed into the AG-FD
estimates (H̃

a
[n, k]) using the relationships in Fig 2. The

MMSE prediction for AG-FD channel can be performed on
each entry of H̃

a
[n, k] as

Ĥa
αβ [n+M , k] =

P−1∑
p=0

dHa
αβ,k

(p)H̃a
αβ [n− pM , k] , (24)

where dHa
αβ,k

(p), for p = 0, 1, · · · ,P − 1 are the optimal
prediction coefficients in the MMSE mean, which can be
computed in a manner similar to (20). Then, to implement the
adaptation in AR-FD, the AG-FD channel prediction will be
transformed back into AR-FD according to the relationships
in Fig 2. The MSE of the channel predictions should be
computed in the AR-FD, and we have

MSEAG−FD

=
1
K

K−1∑
k=0

∥∥∥H [n+M , k]− UrĤ
a
[n+M , k]UH

t

∥∥∥2
=

1
K

K−1∑
k=0

∥∥∥Ur

(
Ha [n+M , k]− Ĥ

a
[n+M , k]

)
UH
t

∥∥∥2
=

1
K

K−1∑
k=0

∥∥∥Ha [n+M , k]− Ĥ
a
[n+M , k]

∥∥∥2. (25)

From (25), we know that when the channel prediction is
conducted in the AG-FD, the MSE can be directly computed
in the AG-FD without needing to be transformed back to the
AR-FD. The same rule can also be applied to the other domain
techniques. Then, the MSE of the AG-FD channel predicts
can be given as

MSEAG−FD

=
1

NrNtK

Nr−1∑
α=0

Nt−1∑
β=0

K−1∑
k=0

[
rHa

αβ,k
[0]− rHHa

αβ,k
dHa

αβ,k

]
, (26)

where dHa
αβ,k

is the channel prediction vector, rHa
αβ,k

is the
AG-FD channel correlation vector, and for n = 0, 1, · · · ,P,
rHa

αβ,k
[nM ] = rHa [nM , 0, 0, 0].

C. AR-TD CHANNEL PREDICTION
Using the relationships in Fig 2, theAR-TD channel estimates
from the vth transmitter to the uth receiver at delay l can be
obtained as h̃uv [n, l]. Then, the MMSE channel prediction
can be performed in the AR-TD as

ĥuv [n+M , l] =
P−1∑
p=0

dhuv,l (p)h̃uv [n− pM , l] , (27)

where dhuv,l (p), for p = 0, 1, · · · ,P − 1 are the prediction
coefficients obtained byminimizing theMSE of the predicted
AR-TD channel. We can directly give out theMSE of AR-TD
technique as

MSEAR−TD

=
1

NrNtK

Nr−1∑
u=0

Nt−1∑
v=0

K−1∑
l=0

[
rhuv,l [0]− r

H
huv,ldhuv,l

]
, (28)

where dhuv,l is the channel prediction vector, rhuv,l is the
AR-TD channel correlation vector, and for n = 0, 1, · · · ,P,
rhuv,l [nM ] = rh [nM , 0, 0, 0].

D. AG-TD CHANNEL PREDICTION
To obtain the AG-TD channel estimates (h̃

a
[n, l]) from the

AR-FD estimates, two transformations should be conducted
as shown in Fig 2: the first transformation is from the FD to
the TD, and the second one is from the ARD to the AGD.
Then, the MMSE channel prediction can be performed in the
AG-TD as

ĥaαβ [n+M , l] =
P−1∑
p=0

dhaαβ,l (p)h̃
a
αβ [n− pM , l] , (29)

where dhaαβ,l (p), for p = 0, 1, · · · ,P − 1 are the prediction
coefficients. The MSE of the predicted AG-TD channel is

MSEAG−TD

=
1

NrNtK

Nr−1∑
α=0

Nt−1∑
β=0

K−1∑
l=0

[
rhaαβ,l [0]− r

H
haαβ,l

dhaαβ,l

]
, (30)

where dhaαβ,l is the channel prediction vector, rhaαβ,l is the
AG-TD channel correlation vector, and for n = 0, 1, · · · ,P,
rhaαβ,l [nM ] = rha [nM , 0, 0, 0].
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RHuv,k =


rHuv,k [0] r∗Huv,k [M ] · · · r∗Huv,k [(P− 1)M ]
rHuv,k [M ] rHuv,k [0] · · · r∗Huv,k [(P− 2)M ]

...
...

. . .
...

rHuv,k [(P− 1)M ] rHuv,k [(P− 2)M ] · · · rHuv,k [0]

 . (22)

V. PERFORMANCE COMPARISON
In this section, we evaluate the MSE performance and com-
putational complexity of different prediction techniques. For
the MSE performance comparison, we express MSE results
of all the predictors in a uniform way by converting all the
other domain MSE results into the AG-TD. For the computa-
tional complexity comparison, we focus on the computational
complexity for both the MMSE channel prediction and the
transformations among different domains.

A. MSE COMPARISON
The MSE of the AG-TD channel prediction is given in (30),
and we rewrite it as follows for clarity

MSEAG−TD

=
1

NrNtK

Nr−1∑
α=0

Nt−1∑
β=0

K−1∑
l=0

[
rhaαβ,l [0]− r

H
haαβ,l

dhaαβ,l

]
. (31)

In the following, we convert the predictionMSE results of the
other domains into the AG-TD.

Based on the channel statistic relationship in equation (16),
the MSE of AG-FD prediction (26) can be derived by

MSEAG−FD

=
1

NrNtK

Nr−1∑
α=0

Nt−1∑
β=0

K−1∑
k=0

[
rHa

αβ,k
[0]− rHHa

αβ,k
dHa

αβ,k

]

=
1

NrNtK

Nr−1∑
α=0

Nt−1∑
β=0

K−1∑
k=0

[
1
K

K−1∑
l=0

rhaαβ,l [0]

−

(
1
K

K−1∑
l=0

rhaαβ,l

)H
dHa

αβ,k


=

1
NrNtK

Nr−1∑
α=0

Nt−1∑
β=0

K−1∑
l=0

[
rhaαβ,l [0]− r

H
haαβ,l

(
dHa

αβ,k

)]
,

(32)

where

dHa
αβ,k
=

1
K

K−1∑
l=0

(
dHa

αβ,k

)
.

The MSE of AG-TD channel prediction method is given
in (31), while the MSE of AR-TD channel prediction method
is given in (32). Comparing (31) with the last line of (32),
we can find that the only difference between the two equa-
tions is the prediction vector. The prediction vector dhaαβ,l
in (31) is the optimal prediction coefficient vector in the

MMSE mean for the corresponding AG-TD element, while
the prediction vector dHa

αβ,k
in (32) is not. It means that

the prediction vector dhaαβ,l can predict the AG-TD channel
more accurate than other prediction vectors [45]. Therefore,
we have

rhaαβ,l [0]− r
H
haαβ,l

dhaαβ,l ≤ rhaαβ,l [0]− r
H
haαβ,l

dHa
αβ,k
. (33)

Hence, we have

MSEAG−TD ≤ MSEAG−FD. (34)

Based on the channel statistic relationship in equation (17),
the MSE of AR-TD prediction (28) can be deduced as

MSEAR−TD

=
1

NrNtK

Nr−1∑
u=0

Nt−1∑
v=0

K−1∑
l=0

[
rhuv,l [0]− r

H
huv,ldhuv,l

]

=
1

NrNtK

Nr−1∑
u=0

Nt−1∑
v=0

K−1∑
l=0

 1
NrNt

Nr−1∑
α=0

Nt−1∑
β=0

rhaαβ,l [0]

−
1

NrNt

Nr−1∑
α=0

Nt−1∑
β=0

rhaαβ,l

H

dhuv,l


=

1
NrNtK

K−1∑
l=0

Nr−1∑
α=0

Nt−1∑
β=0

[
rhaαβ,l [0]− r

H
haαβ,l

dhuv,l
]
, (35)

where

dhuv,l =
1

NrNt

Nr−1∑
u=0

Nt−1∑
v=0

dhuv,l .

For the similar reason as the AG-FD case, we have

MSEAG−TD ≤ MSEAR−TD. (36)

For the MSE of the AR-FD channel prediction (23),
we have

MSEAR−FD

=
1

NrNtK

Nr−1∑
u=0

Nt−1∑
v=0

K−1∑
k=0

[
rHuv,k [0]− r

H
Huv,kdHuv,k

]

=
1

NrNtK

Nr−1∑
u=0

Nt−1∑
v=0

K−1∑
k=0

 1
K

K−1∑
l=0

rhuv,l [0]

−
1
K

(
K−1∑
l=0

rhuv,l

)H
dHuv,k
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TABLE 1. Computational complexity.

=
1

NrNtK

Nr−1∑
u=0

Nt−1∑
v=0

K−1∑
l=0

[
rhuv,l [0]− r

H
huv,ldHuv,k

]
, (37)

where

dHuv,k =
1
K

K−1∑
l=0

dHuv,k .

In (37), theMSE of AR-FD channel prediction is expressed in
the AR-TD, and the only difference withMSE of AR-TD pre-
dictor (in the second line of (35)) is the prediction coefficient
vector. As dhuv,l in (35) is the optimal prediction coefficient
vector in the MMSE mean for the corresponding AR-TD
element, we can obtain

MSEAR−TD ≤ MSEAR−FD. (38)

Based on (36) and (38), we have

MSEAG−TD ≤ MSEAR−TD ≤ MSEAR−FD. (39)

In (37), the MSE is first transformed from the AR-FD into
the AR-TD, and then into the AG-TD. We can also operate
the transformation from the AR-FD first into the AG-FD, and
then into the AG-TD. In this way, we have

MSEAG−TD ≤ MSEAG−FD ≤ MSEAR−FD. (40)

From equations (34), (36), (39), and (40), we know that the
AG-TD channel prediction technique achieves a better MSE
performance compared with the other three domain methods.

B. COMPUTATIONAL COMPLEXITY
We detail the computational complexity for both the MMSE
channel prediction and the transformations among different
domains. The MMSE channel prediction technique can com-
pute optimal predictor coefficients using the Levinson recur-
sion, and its computational complexity isO

(
p2
)
. Meanwhile,

two types of transformations are employed in the proposed
prediction techniques: the first type is the transformation
between the ARD and the AGD, which requires a computa-
tional complexity of 2Nr + 2Nt for each channel coefficient;
the second one is the transformation between the FD and
the TD, which gives a computational complexity of log2K
(the DFT/IDFT can be conducted using FFT/IFFT) for each
channel coefficient. The computational complexity of the
predictors studied in this paper is summarized in Table 1.
It can be seen that the transformation complexity does not
affect the total computational order.

C. DISCUSSION
We have analyzed the MSE performance and computational
complexity of the channel prediction techniques in the four
domains, i.e., the AG-TD, AG-FD, AR-TD, and AR-FD.
In the following, we will provide an insight into the above
analytical results. As the prediction parameters used in any of
the four domains are the same, the accuracy of the prediction
in each domain should be decided by the channel structure of
the corresponding domain. In Section III, we have described
the channel representations of the four domains in detail, from
which we can gain insights into the channel structure of each
domain.

There is a clear analogy between an OFDM system and
a MIMO system. In both systems, a transformation can be
applied to convert the radio channel from a complicated rep-
resentation into a simple representation. In OFDM systems,
an IDFT can be employed to transform the FD channel sub-
carriers into the TD channel taps, i.e., each OFDM subcarrier
in the FD is a combination of all the channel taps in the
TD. As each tap arises due to contributions from different
multipath scatterers, the physical paths in each tap are fewer
than those in the subcarrier which is composed of all the chan-
nel taps. Therefore, the TD channel tap is more predictable
than the FD channel subcarrier. In MIMO systems, the ARD
channel representation can be transformed into AGD repre-
sentation via a two-dimensional Fourier transformation, and
thus each ARD channel element is a combination of all the
elements in the AGD. As different physical paths contribute
to different AGD elements, the physical paths in each AGD
element are fewer than those in the ARD element. Therefore,
the AGD channel element is more predictable than the ARD
channel element. Based on the above discussions, it is obvi-
ous that the AR-TD channel should be the most predictable
among the four channel representations.

It should be noted that there are some other predic-
tion methods except for MMSE prediction, such as least
mean square (LMS), recursive least square (RLS), root
multiple signal classification (Root-MUSIC) and estimation
of signal parameters via rotational invariance techniques
(ESPRIT) [21], [46], [47]. The performance of those channel
prediction methods (MMSE, LMS, RLS, Root-MUSIC and
ESPRIT) may be different. However, the comparison results
among the four domain representations of each prediction
method are similar. In this paper, our main focus is to investi-
gate the effects of channel representations (AG-TD, AG-FD,
AR-TD, AR-FD) on channel prediction method. So we only
take MMSE prediction method as an example.

VI. ENHANCED ANGLE-TIME DOMAIN CHANNEL
PREDICTION
To further improve the AG-TD channel prediction method,
we exploit the mmWave MIMO-OFDM channel sparsity in
both the time and the angle domains. The enhanced algorithm
can be divided into two stages: the first stage is to identify
the significant channel tap positions, and the second one is
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to identify the significant AGD coefficients of the significant
channel taps. In this section, we also briefly discuss the pre-
diction performance improvement of the enhanced AG-TD
channel predictor over the normal one proposed in Section IV.

We first transform the AR-FD channel estimates into the
AR-TD, and identify the nonzero channel tap positions. After
the transformation, we can obtain the AR-TD channel esti-
mates h̃ [n, l]. As the channel’s maximum delay usually does
not exceed the CP length of OFDM system Lcp, for l =
Lcp,Lcp + 1, · · · ,K − 1, we have

h̃ [n, l] = z [n, l] , (41)

where z [n, l] is the noise matrix in the AR-TD, and its
(u, v) th entry is zuv [n, l]. The radio channel is often sparse
in the TD, so for l = 0, 1, · · · ,Lcp−1, h̃ [n, l] can be written
as

h̃ [n, l] =

{
h [n, l]+ z [n, l], significant tap
z [n, l], zero-valued tap.

(42)

Then, we give the nonzero channel taps identification
algorithm as

for l = 0, 1, · · · ,Lcp − 1

h̃ [n, l] =

{
h̃ [n, l], if σ 2

hl − σ
2
t ≥ σ

2
t

0, if σ 2
hl − σ

2
t < σ 2

t

for l = Lcp,Lcp + 1, · · · ,K − 1

set h̃ [n, l] = 0,

where σ 2
hl = E

{∥∥∥h̃ [n, l]∥∥∥2} is the average power of the

lth AR-TD channel tap computed from the past channel
estimates, and σ 2

t is the noise power of each tap estimated
by

σ 2
t =

1
K − Lcp

K−1∑
l=Lcp

σ 2
hl .

Secondly, for each significant channel tap, as some AGD
bins contain no physical sinusoid due to limited scatter-
ing, the corresponding channel coefficients approach zeros.
We transform the identified AR-TD channel h̃ [n, l] into the
AG-TD channel h̃

a
[n, l] using the relationships in Fig 2.

If the lth channel tap is significant, we can further identify
the significant AGD coefficients of this channel tap as

h̃aαβ [n, l] =

h̃
a
αβ [n, l], if σ 2

haαβ,l
− σ 2

a ≥ σ
2
a

0, if σ 2
haαβ,l
− σ 2

a < σ 2
a ,

(43)

where

σ 2
haαβ,l
= E

{∣∣∣h̃aαβ [n, l]∣∣∣2}
is the average power of the channel from the βth transmit
angle to the αth receive angle in the lth channel tap, and σ 2

a

is the noise power of each AG-TD bin estimated by

σ 2
a =

1
(K − Lcp)NrNt

K−1∑
l=Lcp

Nr−1∑
α=0

Nt−1∑
β=0

σ 2
haαβ,l

.

Finally, the channel prediction can be performed on each
significant element in the AG-TD, and the details are similar
to the AG-TD channel prediction technique.

The enhanced AG-TD channel prediction technique only
performs MMSE predictors on the significant angle elements
of the significant channel taps, for which it can eliminate the
noise perturbation and make the prediction more accurate.
If the wireless channel contains Lst significant channel taps,
and the lth (l = 0, 1, · · · ,Lst − 1) significant channel
tap contains Lr (l) significant receive AGD elements and
Lt (l) significant transmit AGD elements, then the enhanced
AG-TD channel prediction technique can eliminate the noise
at a ratio

ηeliminate =

KNrNt −
Lst−1∑
l=0

Lr (l)Lt (l)

KNrNt
. (44)

Moreover, the enhanced AG-TD technique only performs
prediction on the significant channel elements, and thus its
computational complexity for prediction is

O

(Lst−1∑
l=0

Lr (l)Lt (l)p2
)
,

which reduces the prediction complexity a lot.

VII. SIMULATION RESULTS
In this section, we show the performance of different channel
prediction techniques in terms of the normalized mean-
square-error (NMSE), defined as

NMSE =
E
[∥∥∥H [n]− Ĥ [n]

∥∥∥2]
E
[
‖H [n]‖2

] , (45)

where

H [n] = [H [n, 0] ,H [n, 1] , · · · ,H [n,K − 1]]T

Ĥ [n] =
[
Ĥ [n, 0] , Ĥ [n, 1], · · · , Ĥ [n,K − 1]

]T
. (46)

are the real and the predicted AR-FD channel matrices,
respectively. Before presenting the simulation results, we first
describe the parameters of the simulated MIMO-OFDM
system.

A. PARAMETERS OF mmWave MIMO-OFDM SYSTEM
In this paper, we use the standardized 3GPP channel
models [48], which support comparisons across frequency
bands over the range 0.5-100 GHz, to test our predic-
tion algorithms. In wireless communications, the mmWave
ground/near-ground MIMO channel is mainly composed
of non-line-of-sight (NLOS) component [49], while the
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FIGURE 3. NMSE performance versus SNR for NLOS condition. K = 512,
Nr = Nt = 4.

mmWave airborne MIMO channel is composed of LOS com-
ponent and NLOS component [50]. Therefore, we consider
both the LOS and NLOS conditions for the comparisons.
In this paper, we construct the mmWave CIR by using the
clustered delay line (CDL) channel model with delay profile
CDL-B andCDL-D fromTR 38.901 [48]. The CDL-B is con-
structed to represent channel profile for NLOS while CDL-D
is constructed for LOS. It should be noted that the CDL-B
and CDL-D of 3GPP TR 38.901 are double directional 3D
channel models with both azimuth and elevation angles, and
only azimuth angle is considered in this paper. The maximum
Doppler shift is set as fmax = 1.67 kHz (an example of this is
when the carrier frequency is 50 GHz and the velocity of MS
is about 10 m/s). The data sampling rate is set as 100 MHz,
while the sampling rate used for channel estimation is set as
fs = 8fmax, which is much lower than the data rate and higher
than double of themaximumDoppler shift. In this simulation,
200 channel samples are generated. The first 100 samples
are used for computing the MMSE prediction coefficients,
while the second 100 samples for performance evaluation.
The CP length Lcp is set as 1/4K (K is the subcarrier num-
ber of OFDM), which is larger than the maximum channel
delay. We set the normalized separation between antennas as
1r = 1t = 0.5.

B. SIMULATION RESULTS
To make a fair prediction accuracy comparison among the
proposed techniques, we set the order p = 10 for all the pre-
dictors, and normalize the channel power to 1. Fig. 3 shows
the NMSE performance versus SNR for NLOS condition.
It can be seen that the AG-TD technique is more accurate than
the other three domain techniques, and the enhanced AG-TD
method can further improve the accuracy. Fig. 4 shows the

FIGURE 4. NMSE performance versus SNR for LOS condition. K = 512,
Nr = Nt = 4.

FIGURE 5. NMSE performance versus antenna number (Nr = Nt ) for
NLOS condition. SNR = 20dB, K = 512.

NMSE performance versus SNR for LOS condition, and it
has similar comparison results to the NLOS case. The pre-
diction performance presented in the simulations reveals that
the analysis in Section V is effective for both conditions.

Fig. 5 and Fig. 6 show the NMSE performance versus
antenna number for NLOS and LOS conditions, respectively.
It can be seen that, for both cases, the antenna number affects
the prediction accuracy of AGD prediction techniques. As the
antenna number increases, the angular resolution will be
higher, which causes each angular bin to contain contribu-
tions from a lower number of paths. Therefore, the AGD pre-
diction techniques will be more accurate with larger antenna
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FIGURE 6. NMSE performance versus antenna number (Nr = Nt ) for LOS
condition. SNR = 20dB, K = 512.

FIGURE 7. NMSE performance versus DFT size (K ) for NLOS condition.
SNR = 20dB, Nr = Nt = 4.

number. It can also be observed that the ARD techniques
almost keep constant with the increase of antenna number,
because the ARD techniques take no benefit from the increase
of antenna number. In particular, as the antenna number
increases, the performance gain of the enhanced AG-TD
method over non-enhanced predictor increases, because more
angle domain noise perturbation is eliminated.

Fig. 7 and Fig. 8 show the NMSE performance versus FFT
size for NLOS and LOS conditions, respectively. It can be
seen that, for both cases, the FFT size affects the prediction
accuracy of the TD prediction techniques. As the FFT size
increases, the frequency band is wider, and thus the tem-
poral resolution in the channel impulse response becomes
higher. In this case, the channel taps with different delays

FIGURE 8. NMSE performance versus DFT size (K ) for LOS condition.
SNR = 20dB, Nr = Nt = 4.

can be resolved more accurately, and thus the TD predic-
tion techniques could be more accurate with a larger FFT
size. It can also be observed that the FD techniques almost
keep constant with the increase of FFT size, because the FD
techniques take no benefit from the increase of FFT size.
In particular, as the FFT size increases, the performance gain
of the enhanced AG-TD method over non-enhanced method
increases, because more TD noise perturbation is eliminated.

VIII. CONCLUSION
In mmWave MIMO-OFDM communications, motivated by
the fact that the CSI based on channel estimation may
be outdated for signal detection and adaptive transmission,
the authors investigate channel prediction to obtain prior
CSI in doubly-selective Fading Channels. We first represent
the channel in the AR-FD, the AR-TD, the AG-FD, and
the AG-TD, and investigate their relationships and statistics.
Then, we derive the channel prediction techniques in the four
domains, and study how the channel representations affect
the prediction techniques. We analyze the performance of
the proposed predictors, and it is presented that the predic-
tion technique in the AG-TD can provide a higher accuracy
than the prediction techniques in the other three domains.
We also propose an enhanced AG-TD prediction method
which improve the prediction accuracy by eliminating the
noise perturbation in both the angle and the time domains.
Finally, simulations are conducted to validate the correctness
of our analysis. Furthermore, the results also show that the
accuracy using the AGD prediction techniques is improved as
the increase of the antenna number, while the accuracy using
the TD techniques is improved as the increase of the FFT size.
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