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Spectrally Efficient Time-Frequency Training
OFDM for Mobile Large-Scale MIMO Systems
Linglong Dai, Zhaocheng Wang, and Zhixing Yang

Abstract—Large-scale orthogonal frequency division multiplexing (OFDM) multiple-input multiple-output (MIMO) is a
promising candidate to achieve the spectral efficiency up to
several tens of bps/Hz for future wireless communications. One
key challenge to realize practical large-scale OFDM MIMO
systems is high-dimensional channel estimation in mobile multipath channels. In this paper, we propose the time-frequency
training OFDM (TFT-OFDM) transmission scheme for largescale MIMO systems, where each TFT-OFDM symbol without
cyclic prefix adopts the time-domain training sequence (TS) and
the frequency-domain orthogonal grouped pilots as the timefrequency training information. At the receiver, the corresponding time-frequency joint channel estimation method is proposed
to accurately track the channel variation, whereby the received
time-domain TS is used for path delays estimation without
interference cancellation, while the path gains are acquired by the
frequency-domain pilots. The channel property that path delays
vary much slower than path gains is further exploited to improve
the estimation performance, and the sparse nature of wireless
channel is utilized to acquire the path gains by very few pilots.
We also derive the theoretical Cramér-Rao lower bound (CRLB)
of the proposed channel estimator. Compared with conventional
large-scale OFDM MIMO systems, the proposed TFT-OFDM
MIMO scheme achieves higher spectral efficiency as well as the
coded bit error rate performance close to the ergodic channel
capacity in mobile environments.
Index Terms—large-scale MIMO, OFDM, spectral efficiency,
time-frequency training (TFT), time-frequency joint channel
estimation.

I. I NTRODUCTION

O

RTHOGONAL frequency division multiplexing
(OFDM) and multiple-input multiple-output (MIMO)
are widely recognized as two fundamental physical layer
technologies for future wireless communications due to the
outstanding capability to combat multipath fading and high
spectral efficiency [1], [2]. Currently, most of the literature
as well as wireless standards (e.g., IEEE 802.11n [3], IEEE
802.16m [4], 3GPP long term evolution (LTE) [5], etc.)
mainly address a small number of transmit antennas (e.g., 2,
or 4), whereby the spectral efficiency of about 10 bps/Hz or
less can be achieved [1]–[5]. However, large-scale MIMO
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systems with tens of antennas could achieve the attractive
spectral efficiency up to several tens of bps/Hz [6]–[9].
For example, NTT DoCoMo has demonstrated the field
experiment of a large-scale MIMO system equipped with 12
× 12 antennas, which approximately achieves the spectral
efficiency of 50 bps/Hz with the transmission rate of 4.92
Gbps over a 100 MHz channel [10]. The evolution of WiFi
standard called IEEE 802.11ac is now considering the 16 ×
16 MIMO configuration [11]. In addition, the measurement
of 64 × 64 MIMO channel has also been reported in [12].
The key challenges for realizing large-scale MIMO systems
includes proper antenna placement to ensure independent
channels, low-complexity signal detection algorithms for
practical implementation, channel estimation of the highdimensional MIMO channel matrix, etc. [6], [8]. This paper
will focus on channel estimation for large-scale OFDM
MIMO systems.
Basically, there are two categories of channel estimation
schemes for OFDM MIMO systems: frequency-domain estimation and time-domain estimation. Normally, frequencydomain estimation can be easily achieved by orthogonal pilots,
which converts channel estimation in MIMO systems to that
in single-input single-output (SISO) systems [13]. However,
the required number of pilots dramatically increases when the
number of transmit antennas becomes large. To maintain the
pilot overhead within a certain level in OFDM MIMO systems,
it is common to reduce the pilot density to some extent,
but poor channel estimation performance would be caused,
especially in large-scale MIMO systems. Alternatively, timedomain channel estimation based on preamble could provide
more reliable estimation over slow fading channels, since all
subcarriers in the preamble can be used for channel estimation.
However, for large-scale OFDM MIMO systems, the overhead
due to preamble is also high [10]. More importantly, unless
slow channel fading is assumed, the preamble should be
frequently inserted to track the channel variation in mobile environments [14], [15], since high-quality services are expected
not only at home/office, but also in mobile cars, buses, etc.
Furthermore, flat fading channels are normally assumed for
large-scale MIMO systems [8], [16], but actual wireless channels are usually characterized by severe frequency-selective
fading due to large delay spread, especially in urban/outdoor
scenarios [17].
To solve the channeling problem of high-dimensional channel estimation for large-scale OFDM MIMO systems over
frequency-selective mobile channels, we propose in this paper
the spectrally efficient time-frequency training OFDM (TFTOFDM) transmission scheme for large-scale MIMO systems.

c 2013 IEEE
0733-8716/13/$31.00 

252

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 31, NO. 2, FEBRUARY 2013

Specifically, the contributions of this paper are summarized as
follows:

The rest of this paper is organized as follows. The system
model of the proposed TFT-OFDM MIMO scheme is presented in Section II. The preamble-based channel estimators
in both the time and frequency domains are discussed in
Section III. Section IV addresses the channel tracking and data
detection for TFT-OFDM MIMO systems. The performance
analysis of the proposed scheme is provided in Section V
before simulation results are presented in Section VI. Finally,
conclusions are drawn in Section VII.
Notation: The boldface letters are used to denote matrices
and vectors. The upper- and lower-case characters are used
to represent quantities in the frequency and time domains,
respectively. FN is the N × N normalized discrete Fourier
transform (DFT) matrix with the (n + 1, k + 1)th entry
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1) Without cyclic prefix (CP) in standard OFDM (which
is explicitly referred as “CP-OFDM” in the sequel),
we propose a novel OFDM transmission scheme
called TFT-OFDM, which jointly adopts the one-sample
shifted time-domain training sequence (TS) and the
frequency-domain orthogonal grouped pilots as the timefrequency training information for every OFDM data
block. The corresponding time-frequency joint channel
estimation scheme for TFT-OFDM MIMO is also proposed, whereby the received time-domain TS is directly
used for path delays estimation without interference
cancellation, while the path gains are acquired by the
frequency-domain grouped pilots;
2) We further exploit the channel property that path delays
vary much slower than path gains to improve the path
delay estimation accuracy by averaging dozens of received TSs, and employ the sparse nature of wireless
channels to acquire the path gains by only a very
small amount of pilots. Therefore, the proposed scheme
achieves higher spectral efficiency than frequencydomain based channel estimations where plenty of pilots
are required to estimate both path delays and path gains;
3) We also propose the TFT-OFDM based transmission
frame composed of one preamble and the subsequent
TFT-OFDM subframes, whereby the preamble is used
to provide an initial reliable channel estimate. Unlike the preamble-based time-domain channel estimation
schemes rely heavily on the preamble, channel tracking
of the proposed TFT-OFDM MIMO scheme is achieved
by time-frequency joint channel estimation realized in
every TFT-OFDM subframe. Thus, compared with the
time-domain preamble based solutions, the preamble in
the proposed scheme can be used much less frequently
in mobile environments, leading to the higher spectral
efficiency of the TFT-OFDM MIMO scheme;
4) Moreover, the Cramér-Rao lower bound (CRLB) of the
proposed channel estimator is derived in this paper,
which is approached by simulation results. We also show
that TFT-OFDM enjoys the near-capacity performance
much better than conventional schemes over doublyselective channels as well as the robustness to mobile
channels.
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Fig. 1. Time-frequency signal structure comparison: a) CP-OFDM MIMO
with frequency-domain training information (pilots) only; b) The proposed
TFT-OFDM MIMO with both time- and frequency-domain training information for every OFDM data block.

√
exp(−j2πnk/N )/ N . IN is the N × N identity matrix, and
0M×N is the M × N zero matrix. ⊗ means the circular
correlation. (·)∗ , (·)T , (·)H , (·)−1 , (·)† and |·| denote the
complex conjugate, transpose, conjugate transpose, matrix
inversion, Moore-Penrose matrix inversion and absolute operations, respectively. Tr{·}, E{·}, and det{·} stand respectively
for trace, expectation, and determinant operators. x
 means the
estimate of x. Finally, diag{u} is a diagonal matrix with u at
its main diagonal.

II. S YSTEM M ODEL
In this section, the time-frequency signal structure of the
proposed TFT-OFDM MIMO scheme is described at first, and
then the system model is presented.

A. Time-Frequency Signal Structure of TFT-OFDM
Fig. 1 compares the time-frequency signal structure of CPOFDM MIMO and the proposed TFT-OFDM MIMO. As
shown in Fig. 1 (b), the TFT-OFDM signals are transmitted
frame by frame, whereby each frame is composed of one
preamble with its cyclic extension and the following U TFTOFDM symbols (subframes). We assume Nt transmit antennas
and Nr receive antennas in MIMO systems.
In the time domain, unlike CP-OFDM where the CP is
utilized as the guard interval, the ith TFT-OFDM symbol
(p)
si (1 ≤ i ≤ U ) for the pth transmit antenna (1 ≤
p ≤ Nt ) is composed of the length-N OFDM symbol
(p)
(p)
(p)
(p)
xi = [xi,0 , xi,1 , · · · , xi,N −1 ]T and the followed length-M
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where Xi = FN xi . Since it has been proved in [18] that
constant TS within the transmission frame is not optimal for
(p)
channel tracking, the TS zi of the ith TFT-OFDM symbol
will be generated by cyclically shifting the basic TS z(p) =
(p) (p)
(p)
[z0 , z1 , · · · , zM−1 ]T by i samples to the left according to


0(M−i)×i
IM−i
(p)
zi =
(2)
z(p) ,
Ii
0i×(M−i)
where z(p) for the pth transmit antenna is the Zadoff-Chu
sequence (also known as generalized Chirp-like (GCL) sequence) [19] defined by


M −1
(p)
2
πm rp , 0 ≤ m ≤ M − 1, (3)
zm = exp j
M
where rp is relatively prime to M . The Zadoff-Chu sequences
have ideal autocorrelation and the optimal crosscorrelation
equals to the theoretical Sarwate bound [20]. In addition, the
Zadoff-Chu sequences with constant envelope both in the time
and frequency domains achieve the lowest peak-to-average
power ration (PAPR) of 0 dB. Moreover, according to (2),
we have
(p)

(p)

(p)

(p)

(p)

zi+1 = [zi,1 , zi,2 , · · · , zi,M−1 , zi,0 ]T ,
(p)

(4)

(p)

which indicates that the TSs zi and zi+1 for two adjacent
TFT-OFDM symbols are cyclically shifted to the left by one
(p)
sample, i.e., the first M − 1 samples of zi+1 is identical
(p)
with the last M − 1 samples of zi . Thus, the one-sample
(p)
shifted non-constant TSs {zi }U
i=1 in TFT-OFDM could also
preserve the cyclic property of the transmitted data stream
when constant TSs are used instead. This property is useful
for low-complexity equalization [21] as well as accurate
timing/frequency synchronization [22].
In the frequency domain, TFT-OFDM MIMO systems
adopts G orthogonal pilot groups randomly scattered within
the signal bandwidth, where each pilot group has only one
non-zero central pilot in the middle surrounded by d zero
pilots on the left and right sides (in Fig. 1 (b), d = 1
is used as an example). Although frequency-domain pilots
are common in OFDM systems, the proposed pilot pattern
has the following four distinct features: 1) In most OFDM
systems, the pilots are regularly placed in the frequency
domain, e.g., the equally-spaced comb-type pilots are used
to achieve the optimal channel estimation performance [23],
while the proposed pilots are randomly inserted instead; 2) The
2d zero pilots are used to alleviate the potential inter-carrierinterference (ICI) imposed on the central pilot over fast fading
channels. Since ICI is dominantly caused by the neighboring
subcarriers [24], d = 1 could be used for TFT-OFDM even
the channel is varying fast. Note that for large-scale MIMO
systems typically used in mobile channels with not very high
speed, d = 0 can be adopted; 3) The subcarrier index set of
the central pilots can be denoted by
G(p) = [g0 + Op , g1 + Op , · · · , gG−1 + Op ]T ,

(5)
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where Op = (d + 1)(p − 1) is the subcarrier offset for
the pth transmit antenna. To ensure the orthogonality of
the grouped pilots associated with all Nt transmit antennas,
(Nt − 1)(2d + 1) extra zero pilots are usually required for
each grouped pilot having 2d + 1 pilots. However, due to
the existence of the 2d zero pilots around the central pilot,
the grouped pilots for adjacent two transmit antennas could
overlap d zero pilots, e.g., only (Nt − 1)(d + 1) instead of
(Nt − 1)(2d + 1) extra zero pilots will be required; 4) The 2d
zero pilots naturally permit pilot power boosting technique [1]
because the power originally dedicated to them can be used
by the central
pilot instead, i.e., the central pilots could be
√
(p)
Xi,k = 2d + 1 for k ∈ G(p) if the average power of the
(p)
data subcarriers is E{|Xi,k |2 } = 1 for k ∈
/ G(p) . However,
without loss of generality, the pilot power is assumed to be
(p)
the same as the useful data, i.e., Xi,k = 1 for k ∈ G(p) in
this paper.
The length-Np basic preamble c = FH
Np C is also a ZadoffChu sequence defined by (3), where Np (instead of M ) and
rp = 1 are used. Based on basic preamble c, the preamble
(p) (p)
(p)
for the pth transmit antenna c(p) = [c0 , c1 , · · · , cNp −1 ]T is
then generated by
(p)
(p)
c(p) = FH
=FH
,
Np C
Np diag {C} W
2π
Nt

(6)

2π
Nt

where W(p) = [0, e−j (p−1) , · · · , e−j (Np −1)(p−1) ]T ,
C(p) = diag {C} W(p) denotes the FT of c(p) , and Np =
Nt M is assumed. Finally, the cyclic extension c(p) of length
M − 1 is generated by
c(p) =

0(M−1)×1

IM−1

c(p) .

(7)

One remark to make is that, although the preamble insertion
is common in OFDM MIMO systems [1], [8], [14], [15]
where the preamble-based channel estimation will be used to
detect all the following OFDM symbols over slowly timevarying channels1, it will be shown later in Section V that
the preamble in the proposed TFT-OFDM MIMO scheme is
used only to acquire the initial channel estimation, while the
channel tracking for the subsequent TFT-OFDM symbols are
realized by exploiting the time-frequency training information
in every TFT-OFDM symbol. Therefore, the subframe number
U in the transmission frame could still be large even when the
channel is varying fast.
B. System Model of TFT-OFDM MIMO
In MIMO systems, for a certain receive antenna2 , the
(p)
channel impulse response (CIR) hi associated with the pth
transmit antenna during the ith TFT-OFDM symbol can be
denoted by
(p)

hi

(p)

(p)

(p)

= [hi,0 , hi,1 , · · · , hi,L−1 ]T ,

(8)

1 Alternatively, the time-domain interpolation between separated preambles
can be used to improve the channel tracking capability, but the preamble
should be frequently inserted to ensure the reliable performance over fast
fading channels.
2 As the time-frequency training information in every TFT-OFDM symbol
will be exploited by every receive antenna adopting the identical processing,
the receive antenna index will be omitted from now on.
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(p)

where hi,l is the path gain of the lth path with the path delay
(p)
τl , L denotes the maximum channel spread, and L = M
is assumed to avoid the interference between two neighboring
OFDM data blocks, so we have Np = Nt M = Nt L. Note
that although the delay spread L maybe large in frequencyselective channels, the number of most significant taps (or
resolvable paths) Q is usually much smaller than the channel
length L, i.e., Q  L, because of the sparse nature of wireless
channels, especially for wideband communications [25], [26].
For example, the ITU Vehicular B channel [27] with the
maximum delay spread of 20 μs, which is equivalent to
L = 200 samples at the system sampling rate of 10 MHz,
has only Q = 6 resolvable paths. Furthermore, it has been
(p)
proved that the path delays {τl }L−1
l=0 vary much slower than
(p) L−1
path gains {hi,l }l=0 (including phases and amplitudes) [28],
[29], which is caused by the fact that the duration for the
delay of a path to change by one tap is inversely proportional
to the signal bandwidth B, while the coherence time of the
path gains is inversely proportional to the carrier frequency
fc . Since B  fc for almost all of practical wireless systems,
path delays would change much slower than path gains3 .
At the receiver, the signals coming from different transmit
antennas will mix together, and the received OFDM data
block yi = [yi,0 , yi,1 , · · · , yi,N −1 ]T after cyclicity reconstruction [21], [32] is
Nt

yi =

(p)

xi

(p)

⊗ hi

+ w0 ,

(9)

p=1
T

where wi = [wi,0 , wi,1 , · · · , wi,N −1 ] denotes the additive
white Gaussian noise (AWGN) vector with zero mean and the
variance of σ 2 IN .
Applying DFT to yi above, the received signal Yi,k on the
kth subcarrier could be presented by
Nt

Yi,k =

(p)

(p)

Xi,k Hi,k + Wi,k ,

0 ≤ k ≤ N − 1,

A. Time-Domain Channel Estimation
The received preamble d0 = [d0,0 , d0,1 , · · · , d0,Np −1 ]T
in the time domain at the receive antenna is immune from
the inter-block-interference (IBI) due to the protection of the
cyclic extension, so d0 can be expressed by
Nt

d0 =

(p)

c
p=1

⊗

(p)
h0

(p)

(p)

(p)

where FN,L of size N × L denotes the first L columns of the
(p)
(p)
DFT matrix FN . In addition, we use H0 and h0 to denote
the CFR and CIR during the preamble, respectively.

According to the proof in the Appendix, the minimum MSE
can be achieved by the following optimal design criterion
cH
0 c0 = Nt LINt L .
The corresponding MSE in (14) is then derived as4


1
2
IN L = σ 2 .
MSEmin = σ tr
Nt L t

Based on the preamble of the TFT-OFDM transmission
frame, the initial channel estimation can be achieved either
in the time or frequency domain. Their equivalence will be
also proved in this section.
3 Taking a typical high-definition television (HDTV) wireless system with
B = 8 MHz and fc = 770 MHz for example [30], the path delays remain
constant over hundreds of OFDM symbols, although the path gains may vary
after several OFDM symbols. Another example is that, all the channel models
provides by numerous communications standards employ the constant path
delays [27], [31].

(15)

(16)

It can be verified that the proposed preamble (6) meets the
optimal design criterion (15). Thus, the minimum MSE (16)
can be achieved, and the time-domain channel estimator (13)
is then simplified by circular correlation [33] as
0 =
h

III. P REAMBLE -BASED C HANNEL E STIMATION

p=1

(p) (p)

c0 h0 + v0 = c0 h0 + v0 ,

presents the Nt L×1 equivalent “total” CIR for all Nt transmit
antennas, and v0 = [v0,1 , v0,1 , · · · , v0,Np −1 ]T stands for the
channel’s AWGN vector with each element having zero mean
and the variance of σ 2 .
In (12), there are Nt L unknown parameters in h0 and Np
observations in d0 . If Np ≥ Nt L, the time-domain channel
 0 can be obtained by [33]
estimate h


 0 = c† d0 = cH c0 −1 cH d0 .
h
(13)
0
0
0





 0 − h0 = E cH c0 −1 cH v0 = 0N L×1
We have E h
t
0
0
due to every element of v0 has zero mean, so the mean square
error (MSE) of the unbiased channel estimator (13) is

H 



h0 − h0
h0 − h0
MSE = E

−1 H 
 
−1 
(14)
= tr cH
c0 E v0 v0 H c0 cH
0 c0
0 c0


−1
= σ 2 tr cH
.
0 c0

(10)

(p)

+ v0 =

(12)
(p)
where c0 is the Np × L circulant matrix with the first
(1) (2)
(N )
column being the preamble c(p) , c0 = c0 , c0 , · · · , c0 t
denotes the Np × Nt L time-domain training matrix based

T 
T
 T T

(1)
(2)
(Nt )
(p) Nt
h0
on {c }p=1 , h0 =
, h0
, · · · , h0

p=1

= [Hi,0 , Hi,1 , · · · , Hi,N −1 ]T is the channel
where Hi
(p)
frequency response (CFR) of hi , and we have
√
(p)
(p)
Hi = N FN,L hi ,
(11)

Nt

1 H
1
c0 d0 =
c ⊗ d0 .
Nt L
Nt L

(17)

B. Frequency-Domain Channel Estimation
The frequency-domain signal model (10) is also valid when
Np -point DFT instead of N -point DFT is used to produce the
received preamble D0 = [D0,0 , D0,1 , · · · , D0,Np −1 ]T in the
frequency domain, i.e.,
D0 = C0 H0 + V0 ,

(18)

4 As will be addressed in detail in the Appendix, the results here is consistent
with those in [13], but we use distinct proof technique in this paper.
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where V0 = FNp v0 denotes AWGN, D0 = FNp d0 presents
the Np -point DFT of the
 time-domain

 received preamble

d0 , C0 = diag C(1) , diag C(2) , · · · , diag C(Nt )
denotes the Np × Nt Np frequency-domain training matrix
t
based on {C(p) }N
p=1 , and the CFR H0 during the preamble
can be related to the corresponding CIR h0 by using (11) as
H0 = F0 h0 , where
⎤
⎡
FNp ,L · · · 0Np ×L
⎥
⎢
..
..
..
.
(19)
F0 = ⎣
⎦
.
.
.
0Np ×L

···

FNp ,L

Nt Np ×Nt L

Since there are Nt Np unknown parameters in H0 and
only Np observations in D0 , eq. (18) is an underdetermined
problem without unique solution. However, this problem can
be solved by using the relationship between the CFR H0 and
the CIR h0 as below
D0 = C0 F0 h0 + V0 = A0 h0 + V0 ,

(20)

where A0 = C0 F0 , and the number of unknown parameters
is reduced from Nt Np in (18) to Nt L in (20). If Np ≥ Nt L,
the channel estimation can be achieved by [13]
−1

 0 = A† D0 = (C0 F0 )H C0 F0
(C0 F0 )H D0 . (21)
h
0
 0 = F0 A† D0 .
 0 = F0 h
Then, the CFR can be obtained by H
0
C. Unification of The Time- and Frequency-Domain Channel
Estimators
The time-domain channel estimator (13) is based on timedomain signals d0 and c0 , while the frequency-domain channel estimator (21) depends on the frequency-domain signals
D0 and C0 . Since D0 (C0 ) can be obtained once d0 (c0 )
is known, and vice versa, the time- and frequency-domain
channel estimators (13) and (21) can be directly unified by
the extracted DFT matrix F0 denoted by (19).
Regarding to the optimal design criterion, we have in
Section III-A derived (15) for the time-domain training matrix
c0 , while it has been proved in [13] that the optimal frequencydomain channel estimator (21) is subject to the following
optimal design criterion
AH
0 A0

= Nt LINt L .

(22)

Using the well-known shift property of DFT, it can be derived
that
(23)
FNp c0 = C0 F0 = A0 .
With the help of (23), the unification of the optimal design
criteria (15) and (22) for the time- and frequency-domain
channel estimators, respectively, can be revealed by
H



H
H
H
H
FH
cH
0 c0 = FNpA0
Np A0 = A0 FNp FNp A0 = A0 A0 .
(24)
It reads clear from (24) that the different design criteria (15)
and (22) are essentially equivalent.
Therefore, the time- and frequency-domain channel estimators as well as their corresponding optimal design criteria can
be unified under the same framework.
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IV. C HANNEL T RACKING AND DATA D ETECTION
The preamble-based initial channel estimation becomes
outdated to detect the subsequent TFT-OFDM symbols over
fast time-varying channels. This section addresses the cyclicity
reconstruction and the channel tracking for every TFT-OFDM
symbols within the transmission frame to achieve reliable data
detection.
A. Cyclicity Reconstruction of the OFDM Symbol
In CP-OFDM systems, the cyclicity property of the received
OFDM symbol is naturally restored due to the insertion of
CP. In the proposed TFT-OFDM scheme, the CP is replaced
by the known one-sample shifted TS to improve the spectral
efficiency. However, the absence of CP would destroy the
cyclicity property of the received OFDM symbol over multipath fading channels [21], [32], and cyclicity reconstruction
is required to achieve the low-complexity frequency domain
equalization similar to that widely used in CP-OFDM.
Due to the multipath propagation, the received OFDM
symbol yi of the ith TFT-OFDM symbol can be expressed
by



Nt
0(N −M)×1
(p)
(p)
yi =
hi,ISI xi + hi−1,IBI
+ wi ,
(p)
zi−1
N ×1
p=1
(25)
(p)
(p)
where hi,ISI and hi,IBI present the N × N Toeplitz
lower and upper triangular matrix with the first col(p)
(p)
(p)
umn [hi,0 , hi,1 , · · · , hi,L−1 , 0, · · · , 0]T and the first row
(p)
(p)
(p)
[0, · · · , 0, hi,L−1 , hi,L−2 , · · · , hi,1 ]T , respectively, and wi =
FH
N Wi denotes the AWGN vector. Using the overlap-add
(OLA) [34] algorithm by Nt times, the cyclic prefix reconstruction of yi can be achieved by



Nt
0(N −M)×1
(p)
yi = yi −
hi−1,IBI
(p)
zi−1
N ×1
p=1

 Nt


(p)
di
(p)
zi
+
hi,ISI
−
0(N −M)×1
0(N −M)×1
p=1


Nt
vi
(p)
(p)
.
hi,CIR xi + wi +
=
0(N −M)×1
p=1

(26)
where di is the time-domain received TS of the ith TFT(p)
(p)
(p)
OFDM symbol, hi,CIR = hi,ISI + hi,IBI means the circular
(p)
(p)
(p)
matrix with the first column [h0 , h1 , · · · , hL−1 , 0, · · · , 0]T .
In the first equation of (26), subtracting the second term on
the right means removing the IBI caused by the previous TSs
(p)
t
{zi−1 }N
p=1 , and adding the third term indicates restoring the
(p)
t
“tails” (buried in di ) of {xi }N
p=1 over multipath channels.
Since any circular matrix can be diagonalized by the DFT
(p)
(p)
matrix [35], i.e., hi,CIR = FH
N Hi FN , applying DFT to yi
would produce the signal Yi in (10) as
Nt

Yi = FN yi =

(p)

(p)

FN FH
N Hi FN xi



+ Wi + vi

p=1
Nt

=
p=1

(p) (p)
Hi Xi

(27)




+ Wi + vi = Xi Hi + Wi + vi ,
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where






(1)
(2)
(N )
, diag Xi
, · · · , diag Xi t
,
Xi =
diag Xi

T 
T
 T T

(1)
(2)
(N )
Hi = Hi
, Hi
, · · · , Hi t
, Wi = FN wi ,
T



is the additional AWGN
and vi = FN viT 01×(N −M)
introduced by the cyclicity reconstruction, whereby an extra
noise term vi buried in di has been involved.However,
 this
at the
would lead to negligible SNR loss of 10log10 M+N
N
receiver since the TS length is usually much smaller than the
OFDM data block length, e.g., the equivalent SNR loss is 0.26
dB when M = N/16.
Although similar to the cyclicity reconstruction method
for SISO time-domain synchronous OFDM (TDS-OFDM)
systems in [32], [36], the proposed algorithm (26) differs from
those of [32], [36] in two aspects. Firstly, the conventional
method in SISO scenarios is extended to be used in MIMO
scenarios. Secondly and more importantly, the cyclicity reconstruction (26) is completed by only one step, while [32],
[36] requires iterative processing (the iteration times is usually
three or more).
In practical cyclicity reconstruction implementation, the ac(p)
 (p) ,
tual CIR hi−1 in (26) should be replaced by the estimate h
i−1
which has been obtained in the previous (i − 1)th TFT-OFDM
(p)
symbol, and hi in (26) can be either simply approximated
(p)

by h
i−1 or predicted by the Kalman filter exploiting the
temporal correlation nature of the channel as well as the
i−1
 (p)
previous channel estimates {h
u }u=0 [37]. It is worth noting
(p)
that the approximation of hi for cyclicity reconstruction
wound indeed incur some performance degradation due to the
imperfect matching, but the performance loss is small due
to the following two reasons: 1) As will be shown later, the
time-frequency joint channel tracking method could achieve
the CIR estimate with high accuracy in every TFT-OFDM
symbol; 2) Since large-scale MIMO technique is mainly used
in static or slow time-varying channels [6], [8]–[11], the CIR
estimates in previous TFT-OFDM symbols could be efficiently
exploited to produce a good approximation of the actual CIR
in the current TFT-OFDM symbol.
B. Time-Frequency Joint Channel Estimation
In most OFDM MIMO systems, channel estimation is
achieved in the time or frequency domain by using the timedomain preamble [8], [10] or the frequency-domain pilots [2],
[13], [23], respectively. However, taking advantage of the
time-frequency training of TFT-OFDM, channel tracking for
TFT-OFDM can be realized by the following time-frequency
joint channel estimation composed of two sequential steps: the
TS-based path delay estimation and the pilot-based path gain
estimation.
The received TS di = [di,0 , di,1 , · · · , di,M−1 ]T of the ith
TFT-OFDM symbol is given by
Nt



(p)

(p)

hi,ISI zi

di =
p=1
(p)

(p)


(p)
(p)
+ hi,IBI xi,N −M:N −1 + vi ,

(28)

where hi,ISI and hi,IBI denote the M × M Toeplitz
lower and upper triangular matrix with the first column

(p)

(p)

(p)

and the first row
[hi,0 , hi,1 , · · · , hi,L−1 , 0, · · · , 0]T
(p)
(p)
(p)
[0, · · · , 0, hi,L−1 , hi,L−2 , · · · , hi,1 ]T ,
respectively,
and
(p)
(p)
xi,N −M:N −1 presents the last M elements of xi . The term
(p)
(p)
hi,IBI xi,N −M:N −1 in (28) indicate that the received TS di is
“contaminated” by the IBI caused by the preceding OFDM
data blocks.
Being different from TDS-OFDM where iterative IBI cancellation is exploited to achieve the time-domain complete
CIR estimation based on the received TS [36], by exploiting the ideal autocorrelation property of the Zadoff-Chu
sequences [19], we directly correlate the local Zadoff-Chu
(p)
sequence zi with the “contaminated” TS di without interference cancellation to just estimate the path delays of the
channel as below
 (p) = 1 z(p) ⊗di = h(p) +n(p) +v(p) , 1 ≤ p ≤ Nt , (29)
h
i
i
i
i
M i
(p)

(p)

(p)

1
where vi = M
zi ⊗ vi , and ni denotes the interferences caused by the non-zero crosscorrelation among different
Zadoff-Chu sequences as well as the IBIs from previous
OFDM symbols. As demonstrated later in Fig. 2, if only
one received TS is used, due to the absence of interference
 (p) maybe
cancellation, the path delay information hidden in h
i
not accurate when interferences are severe, although the paths
with high gains can be identified well. Based on property of
wireless channels that path delay varies much slower than
path gains [28], [29], we further propose the averaged path
delay estimation to further improve the accuracy, whereby the
received TSs within β adjacent TFT-OFDM symbols during
which the path delays do not change obviously are averaged
as below:
⎞
⎛
i
i
1
1
(p)
 (p) =
z(p) ⊗ ⎝
hi =
du ⎠ . (30)
h
u
β
βM u
u=i−β+1

u=i−β+1

Note that the number β could be very large (e.g., β > 10)
due to the channel property mentioned above.
(p)
Then, the path gains in hi are directly discarded since
they maybe not accurate due to absence of interference cancellation, and only the path delays of the Q most significant
(p)
taps of hi are stored in the path delay set
%2
%
(p)
(p) % (p) %
Γi = {τl : %hi,l % ≥ Tth }L−1
(31)
l=0 , 1 ≤ p ≤ Nt ,
where Tth is the power threshold could be determined according to [38], and Q is usually much smaller than the channel
length L, i.e., Q  L [25], [26]. That is to say, the number of
(p)
unknown parameters in the CIR hi is substantially reduced
(p)
from L to Q (Q  L) after the path delays Γi have been
obtained. Notice that the path delay estimation of the most
significant taps could be very accurate since β could be very
large in (30) due to the fact that path delays vary much slower
than path gains [28], and furthermore the IBIs caused by
preceding OFDM data blocks may be averaged out due to
the randomness nature of the data.
(p)
t
After the path delays {Γi }N
p=1 has been obtained in (28),
the number of unknown parameters of hi (p) is substantially
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reduced from L to Q, thus only a small amount of frequencydomain grouped pilots will be sufficient to estimate the Q
channel path gains.
Due to the orthogonality of the grouped pilots among
(p)
different transmit antennas, the received central pilots Yi,k
can be expressed by
Nt

(p)

Yi,k =

(p)

(p)

Xi,k Hi,k + Wi,k = Hi,k + Wi,k ,

k ∈ G(p) ,

p=1

(32)
(p)
where the signal model (10), the central pilots Xi,k = 1 (k ∈
(u)
G(p) ), and Xi,k = 0 (u = p, k ∈ G(p) ) have been utilized.
Eq. (32) can be rewritten in a more compact matrix form as
(p)

Yi

(p) (p)

(p)

= FN hi,Γ + Wi ,

1 ≤ p ≤ Nt ,

(33)

(p)

= [Yi,g0 +Op , Yi,g1 +Op , · · · , Yi,gG−1 +Op ]TG×1 ,
where Yi
(p)
(p)
(p)
(p)
hi,Γ = [hi,τ0 , hi,τ1 , · · · , hi,τQ−1 ]TQ×1 denotes the “selected”
(p)

(p)

CIR out of hi according to the path delays Γi ob(p)
tained in (31), FN presents the G × Q “extracted”
(p)
matrix generated by selecting the G(p) rows and Γi
(p)
columns out of the DFT matrix FN , and Wi
=
(p)
(p)
(p)
T
[Wi,g0 +Op , Wi,g1 +Op , · · · , Wi,gG−1 +Op ]G×1 is the AWGN
vector. Note that the relationship (11) has been used to obtain
(33).
It is clear from (33) that only Q unknown path gains in
(p)
(p)
hi,Γ have to be estimated by the G observations in Yi . If
(p)
G ≥ Q, the Q (not L, and usually Q  L) path gains of hi
(p)
can be estimated by the received central pilots Yi as

−1 
†
H
H

(p)
(p)
 (p) = F(p) Y(p) = F(p) F(p)
h
FN
Yi .
i
i,Γ
N
N
N
(34)
Note that the pilot power boosting technique [1], whereby
pilots use higher power than normal data, is more suitable
for TFT-OFDM than CP-OFDM, since no obvious equivalent
signal-to-noise ratio (SNR) degradation will be introduced in
TFT-OFDM having much fewer pilots than CP-OFDM.
(p)
t
Combining the path delays {Γi }N
p=1 obtained in (31)
based on the time-domain received TS di and the path
 (p) }Nt acquired in (34) based on the frequencygains {h
i,Γ p=1
(p)
t
domain received pilots {Yi }N
p=1 , the complete CIR es(p) Nt

timates {hi }p=1 for all the Nt transmit antennas could
be achieved by the proposed time-frequency joint channel
estimation.
C. Data Detection for TFT-OFDM
After cyclicity reconstruction and the time-frequency joint
channel estimation have been completed, the obtained OFDM
 (p) }Nt are fed
symbol Yi and the complete CIR estimates {h
p=1
i
into the MIMO detector to recover the transmitted signals.
In contrast to conventional detection algorithms for MIMO
systems of small size, e.g., maximum-likelihood (ML) or
maximum a posteriori (MAP) detectors whose complexity
increases exponentially with the number of transmit antennas [8], we resort to the recently proposed low-complexity
detection algorithms specially designed for large-scale MIMO
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systems [8], [16], [39]–[42]. Among them, the first category
algorithms based on the local neighborhood search includes
the likelihood ascent search (LAS) [8], [39] and reactive tabu
search (RTS) [16], which are aimed to achieve the near-ML
performance. The second category algorithms approaching
the near-MAP performance are based on message passing,
e.g., the belief propagation (BP) algorithm [40], [41] and
probabilistic data association (PDA) scheme [8], [42]. They
all enjoy the preferred property of “large system behavior”,
i.e., the detection performance improves when the number
of transmit antennas Nt becomes large. Since data detection
algorithm is not the focus of this paper, we directly adopt
the near-capacity RTS scheme with the low per-subcarrier
complexity of O(Nt Nr ). Please refer to [16] for more details
about the RTS algorithm. Finally, the detected data are used
by the channel decoder to ultimately recover the transmitted
signal.
V. P ERFORMANCE A NALYSIS
This section addresses the performance analysis of the
proposed scheme, including the spectral efficiency of proposed
TFT-OFDM scheme, the CRLB as well as the computational
complexity of the time-frequency joint channel estimation
method.
A. Spectral Efficiency
Due to the overhead caused by the time-domain guard interval (either CP in standard CP-OFDM or TS in the proposed
TFT-OFDM) and the frequency-domain pilots, the spectral
efficiency η0 of the proposed TFT-OFDM MIMO scheme
normalized by the ideal case without any overhead [21], [43]
can be expressed in the percentage notation as
η0 =

U (N − K)
,
U (N + M ) + Np + M − 1

(35)

where K = G ((2d + 1) + (Nt − 1)(d + 1)) is the number of
used pilots in each OFDM data block.
For typical wireless digital television systems, large DFT
size, e.g., N = 4096, is usually adopted [30]. Since all channel
models defined by ITU [27] and all channel models used for
digital television system evaluation [31] have no more than six
resolvable paths, we could assume G = Q = 6 without loss of
generality. However, in practical applications, the path number
may be large, so we configure G = 10 for system design with
some margin. As mentioned in Section II-A, even we relax
the quasi-static channel over the entire transmission frame to
only one subframe, d = 0 could be used for large-scale MIMO
systems where the mobile channels are not varying very fast5 .
Thus, for large-scale 16 × 16 MIMO configuration, i.e.,
Nt = Nr = 16, the number of used pilots in TFT-OFDM
is K = 160, which is only 3.91% of the total subcarrier
number N = 4096. If the channel is varying slowly, e.g.,
the grouped pilots in TFT-OFDM transmission frame can be
inserted every three TFT-OFDM subframes (the corresponding
channel estimate update frequency is still much higher than the
5 Note that the proposed TFT-OFDM can be also used over fast varying
channels, whereby d = 1 could be configured to alleviate ICI caused by the
rapid channel variation [44].
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TABLE I
S PECTRAL E FFICIENCY IN MIMO S YSTEMS .
Guard Interval Length
M = N/16

Frequency-domain pilots
based MIMO [45]
75%

time-domain preamble based scheme [8]), the pilot occupation
ratio will be reduced to 1.30%. On the contrary, the KarhunenLoeve theorem [24] requires that the number of frequencydomain pilot should be not smaller than the channel length
L for frequency-domain channel estimation, and the pilot
number increases linearly to be Nt L in CP-OFDM MIMO
systems due to the orthogonality requirement. This means that
Nt L = 4096 pilots occupying 100% of the total subcarriers
are required in CP-OFDM MIMO systems when the typical
guard interval length M = N/16 is applied. No extra subcarrier is available if the number of transmit antennas Nt > 16.
In practical applications [3], [5], [45], fewer pilots can be used
due to interpolation can be used to estimate the CFR at data
subcarriers at the cost of performance degradation. However,
the pilot occupation ratio should be above a certain threshold
to ensure reliable performance for large-scale MIMO systems.
One typical threshold recommenced by LTE is that 25%
subcarriers are used as pilots when Nt > 4 [5]. Therefore, we
can conclude that the proposed TFT-OFDM MIMO scheme
has much higher spectral efficiency than standard CP-OFDM
MIMO systems.
Compared with the time-domain preamble based
schemes [8], [10] where the preamble should be frequently
inserted (or equivalently, small subframe number will be
adopted) in mobile environments, the subframe number U
in the TFT-OFDM MIMO transmission frame can still be
large due to the good channel tracking capability of the
time-frequency joint channel estimation in every TFT-OFDM
symbol. For example, 4 out of the total 29 OFDM symbols in
a frame are dedicated for channel estimation in the 12 × 12
MIMO experiment with the mobile speed of 10 km/h [10],
while the simulation results in Section VI demonstrate that
large U = 50 could still ensure near-capacity performance
for TFT-OFDM MIMO scheme over 30 km/h time-varying
channel, whereby U = 4 should be used for the timedomain preamble based iterative channel estimation/data
detection system [8]. Although the actual spectral efficiency
of practical systems may vary with different configurations,
with those data addressed above, Table I clearly indicates
that the proposed TFT-OFDM MIMO scheme outperforms
its conventional counterparts in spectral efficiency.
Since every receive antenna could use the time-frequency
joint channel estimation method to distinguish the channels
between different transmit antennas and this specific receive
antenna, the proposed TFT-OFDM transmission scheme could
be used in both scenarios having small (even a single) or large
number of receive antennas, and higher spectral efficiency than
conventional solutions could be achieved in both cases.
B. Cramér-Rao Lower Bound
The CRLB bound is the theoretical bound to evaluate the
performance of practical estimation methods [33]. Since the

Time-domain preamble
based MIMO [8]
80%

Proposed TFT-OFDM
MIMO
88.67%

(p)

AWGN vector Wi in (33) is subject to the distribution
of CN 0, σ 2 IG , the conditional probability density function
(p)
(p)
(PDF) of Yi with the given hi,Γ is


(p)
(p)
pY(p) h(p) Yi ; hi,Γ
i
i,Γ

&2 
1
1 &
& (p)
(p) (p) &
=
exp − 2 &Yi − FN hi,Γ & .
G/2
2σ
(2πσ 2 )
(36)
The Fisher information matrix [33] of (33) can then be
derived as

⎧

 ⎫
(p)
(p)
⎪
⎪
2

⎪
⎪
∂
Y
ln
p
;
h

(p)
(p)
⎬
⎨
i
i,Γ
Yi hi,Γ
Δ
[J]m,n = −E
(p)
(p)
⎪
⎪
∂hi,Γ,m ∂hi,Γ,n
⎪
⎪
⎭ (37)
⎩



H
1
(p)
(p)
= 2 FN
FN
,
σ
m,n
(p)

(p)

where hi,Γ,m and hi,Γ,n denotes the mth and nth entry of
(p)
hi,Γ , respectively. Finally, according to the vector estimation
 (p) is
theory [33], the CRLB of the unbiased estimator h
i,Γ
&

&2


&  (p)
(p) &
CRLB = E &h
≥ Tr J−1
i,Γ − hi,Γ &
.
−1 /
(38)

H
(p)
(p)
2
FN
FN
.
= σ Tr
Let {λi }Q
being the Q eigenvalues of the matrix
H i=0
(p)
(p)
FN
FN , then, we have the following result according
to the elementary linear algebra [46]
.
 Q
−1 /
Q

H
(p)
(p)
−1
FN
Tr
FN
λi = Q
λ−1
=
i /Q





i=1
Q

≥ Q Q/

λi
i=1



=
Tr

i=1

Q
(p)

FN

2

H

(p)

,

FN

(39)
where the equality holds if and only if λ1 = λ2 = · · · = λQ ,
(p)
which means that the matrix FN extracted from the standard
have orthogonal columns. Obviously,
DFT matrix FN should


(p)

H

(p)

FN has identical diagonals equal
the Q × Q matrix FN


H
(p)
(p)
FN
to G, i.e., Tr
FN
= GQ, so the CRLB of the

proposed time-frequency joint channel estimator becomes
&
&2  Qσ 2
&  (p)
(p) &
.
(40)
CRLB = E &hi,Γ − hi,Γ & =
G
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(p)

It is worth noting that if the matrix FN does not have
orthogonal columns, the MSE of the practical channel estimator will not achieve the CRLB (40). However, due to
the random positions of the central pilots in TFT-OFDM,
(p)
the “extracted” matrix FN in the proposed scheme has imperfect

 but approximate orthogonal columns (or equivalently,
(p)

H

(p)

FN
FN ≈ GIQ ), so the CRLB could be asymptotically
approached, which will be validated by the simulation results
in Section VI. Also note that (40) implies that the increased
number of transmit antennas Nt has little impact on the channel tracking performance, but the loss in spectral efficiency
has to be paid according to (35).
C. Computational Complexity

The computational complexity of the proposed timefrequency joint channel tracking scheme can be evaluated in
terms of how many multiplications are required. The circular
0
correlation of the preamble-based initial channel estimate h
in (17) can be efficiently realized by one Np -point DFT (note
that the DFT of the basic preamble c can be prestored at
the receiver) and one Np -point inverse DFT (IDFT) plus
Np multiplications. In the proposed scheme, Np = Nt M .
The cyclicity reconstruction (26) requires Nt times of M point linear convolution to compute the IBI between the
TS and OFDM symbol to obtain yi , where each M -point
linear convolution can be implemented by one 2M -point DFT
(p)
(p)
(note that the DFT of the local TSs zi and zi−1 are also
prestored at the receiver) and one 2M -point IDFT plus 2M
multiplications. Then, the N -point DFT is used to produce the
frequency-domain OFDM symbol Yi in (27). To acquire the
(p) Nt
(p)
t
TS-based path delay estimates {Γi }N
p=1 in (31), {hi }p=1
in (30) requires Nt times of M -point circular correlation,
which can be realized by one M -point DFT of di and Nt
times of M -point IDFT since all the DFT of local TSs
(p)
t
{zi }N
p=1 are known to the receiver. The pilot-based path
 (p) }Nt for all Nt transmit antennas in (34)
gain estimates {h
i,Γ p=1
require Nt (GQ2 +2Q3 ) multiplications to compute the Moore(p)
Penrose inverse matrix of FN and Nt QG multiplications for
matrix product. Finally, based on the path delays and path
gains for all the Nt transmit antennas, Nt times of N -point
 (p) }Nt to the correDFT is used to convert the CIRs {h
p=1
i
(p)
 }Nt . Therefore, the overall complexity
sponding CFRs {H
p=1
i
of proposed channel estimation is O (Nt N log2 N ) + O(αNt )
where α = GQ2 + 2Q3 + QG, which is a little higher than
the complexity O(Nt 2 Nr ) + O(Nt 3 ) that of the time-domain
based scheme [8] and the complexity O (Nt M log2 M ) +
O(Nt ) that of the frequency-domain solution [23] .
VI. S IMULATION R ESULTS
This section investigates the performance of the proposed
TFT-OFDM scheme for large-scale MIMO systems in mobile
multipath channels. For performance comparison, the proposed TFT-OFDM scheme for large-scale MIMO systems is
compared with its conventional counterparts based on CPOFDM with frequency-domain comb-type pilots [45] and
time-domain preamble based iterative channel estimation/data
detection scheme in [8], respectively. Note that the spectral
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efficiency of those three different schemes has been specified
in Table I. All those three systems have the same 16 × 16
MIMO configuration working with the signal bandwidth of
7.56 MHz at the central radio frequency of 770 MHz. The system parameters for TFT-OFDM MIMO scheme are consistent
with those specified in Section V-A, e.g., N = 4096, M =
4096/16 = 256, U = 10, G = 10, d = 0. For all schemes,
we adopt the spectrally-efficient non-orthogonal space-time
block code (STBC) [47], since it could simultaneously achieve
full transmit diversity as well as full rate. As mentioned
before, the RTS algorithm [16] is employed for data detection.
Since almost all practical OFDM systems use channel coding
for reliable performance, we adopt the powerful low-density
parity-check (LDPC) code with the block length of 64, 8000
bits and code rate of 2/3 as specified by the standard [30].
The well-known iterative decoding algorithm called belief
propagation (BP) [48] is used with the maximum iteration
number of 50. The quadrature phase shift keying (QPSK)
modulation scheme is simulated. Two typical 6-tap multipath
channel models named Brazil D [31] and Vehicular B [27]
are used. The first channel has the maximum delay spread of
20 μs, while the later one having the 0 dB echo at the delay
of 5.86 μs is deeply frequency-selective characterizing the
single frequency network (SFN) environment. The channels
associated with different transmit-receive antenna pairs are assumed independent. The mobile velocities of 5 km/h (outdoor
walking speed) and 30 km/h (vehicle speed in urban areas)
are considered6. For the preamble-based transmission scheme
with channel estimation errors, the capacity lower bound C
has been theoretically proved as [49]



H
H
H
γ2M
C ≥ η0 E log det INt +
, (41)
2
Nt (1+γ)+γM Nt σH


2
H
 H ) , and γ is the average
where σH
=
1/N
N
E
tr(
H
t
r

received SNR. Note that (41) is different from the ideal
capacity bound under perfect channel state information (CSI)
at the receiver [39], and the minimum SNR for a given
capacity C can be obtained from (41).
Firstly, we evaluate the averaged path delay estimation over
multipath channels. Fig. 2 and Fig. 3 show the simulation
results with the SNR of 5 dB over the Brazil D [31] and
Vehicular B channel [27], respectively. The actual channel is
also plotted for comparison. We can observe that although the
rough channel estimates are not accurate due to the absence
of interference cancellation, the path delay information of the
actual channel could be preserved well, especially when β
becomes large (as discussed in Section II-B, β could be very
large, e.g., β = 10 is adopted in the simulation). It should
be pointed out that for channels whose active taps are all of
relatively high gains (e.g., the Brazil D channel in Fig. 2),
the proposed scheme could accurately identify the path delays
even when β = 1, while for channels having very small active
taps (e.g., the Vehicular B channel in Fig. 3, whereby the
smallest path has 22 dB lower power than the largest one),
large β is required for accurate path delay estimation. Note

6 The mobile speed of 10 km/h is evaluated in the 12 × 12 large-scale
MIMO experiment in [10].
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Fig. 4. MSE performance comparison between the proposed time-frequency
joint channel estimation method for TFT-OFDM with the conventional
schemes.
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that if the power of certain path is too small, it can be viewed
as noise and will be ignored.
We then investigate in Fig. 4 the MSE performance of the
proposed time-frequency joint channel estimation for TFTOFDM in large-scale MIMO systems over the Brazil D
channel with the receiver velocity of 5 km/h. For comparison,
we also include the MSE performance of CP-OFDM with
comb-type pilots and the time-domain preamble based iterative channel estimation/data detection scheme for large-scale
MIMO systems [8]. In addition, the theoretical CRLB derived
in (40) is also plotted as the benchmark for comparison. It
is clear that TFT-OFDM outperforms CP-OFDM and TDSOFDM by about 5 dB when the channel estimation MSE 10−2
is considered, and performs 3 dB better than [8]. Also we
could observe that the proposed channel estimation performs
closely to the theoretical CRLB with a small SNR gap, which

is caused by the fact that the “extracted” DFT matrix FN has
imperfect but approximate orthogonal columns.
Fig. 5 compares the LDPC coded bit error rate (BER) performance of TFT-OFDM MIMO system with its counterparts
over the Brazil D channel with the receiver velocity of 5 km/h.
The BER with perfect ideal channel state information (CSI)
is also included as the performance lower bound of practical
systems. In addition, as the performance limit, the minimum
SNR of 7.1 dB derived to attain the theoretical ergodic
capacity (41) for training-based transmission [8] is also plotted
as the benchmark for comparison. It is clear that the proposed
TFT-OFDM scheme obviously outperforms the conventional
schemes dependent on only time or frequency-domain training
information. For example, at the coded BER of 10−4 , the
proposed TFT-OFDM MIMO scheme outperforms CP-OFDM
MIMO by the SNR gain of 1.9 dB, and performs 1.4 dB
better than the large-scale MIMO scheme with time-domain
preamble [8]. We can also find that TFT-OFDM with the
proposed time-frequency joint channel estimation is about 1.2
dB away from the ideal CSI case. Moreover, TFT-OFDM
performs only about 2.1 dB away from the theoretical bound,
which indicates the near-capacity performance of the proposed
scheme.
Fig. 6 shows the coded BER performance over the Vehicular
B channel with the mobile speed of 30 km/h, which emulates
the doubly-selective fading channel. Unlike the conventional
large-scale MIMO scheme [8] whose performance degrades
about 1.0 dB at the BER of 10−4 when mobile speed is
increased from 5 km/h to 30 km/h, only 0.1 dB penalty will
be paid by the proposed scheme under the same condition.
This is caused by that [8] requires the quasi-static channel
over the entire transmission frame of large duration, while
our proposal could support the application scenarios where
the channel is varying not only within the large-size frame,
but also within in the small-size subframe. Therefore, we can
conclude that the proposed TFT-OFDM scheme for large-scale
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Fig. 5. BER performance comparison between the proposed TFT-OFDM
MIMO scheme and its counterparts over the Brazil D channel with the receiver
velocity of 5 km/h.

MIMO systems is robust to fast channel variation, and more
obvious performance gain could be expected when the channel
is varying faster.
The proposed TFT-OFDM MIMO scheme has superior
performance to CP-OFDM MIMO because the time-frequency
joint channel estimation could achieve the complete CIR
information with high accuracy, while the pilot-based CFR
estimation in CP-OFDM MIMO would incur some errors
due to interpolation, especially when the channel is deeply
frequency-selective and only a small amount of frequencydomain pilots can be used in large-scale MIMO systems. The
reason for the performance gain over the iterative channel
estimation/data detection scheme in [8] because the latter one
assumes quasi-static channel during the entire transmission
frame, which deviates a lot from the actual mobile channels.
In contrast to the result that CP-OFDM with comb-type pilots
performs worse than the time-domain preamble based iterative
channel estimation/data detection scheme when the mobile
speed is low (e.g., 5 km/h in Fig. 5), CP-OFDM outperforms
the preamble based scheme [8] because the frequency-domain
pilots within every OFDM symbol could update the CSI more
frequently than the time-domain preamble based scheme when
the channel is varying fast (e.g., 30 km/h in Fig. 6). Since
the spectral efficiency of TFT-OFDM MIMO is higher than
its counterparts as addressed in Section V-A, the proposed
scheme achieves high spectral efficiency as well as reliable
performance due to the time-frequency joint processing.
VII. C ONCLUSIONS
In this paper, we propose the spectrally efficient TFTOFDM transmission scheme for large-scale MIMO systems to
solve the high-dimensional channel estimation issue in mobile
environments. Without cyclic prefix, TFT-OFDM has training
information in both the time and the frequency domains for
every OFDM symbol, and the frequency-domain grouped
pilots occupy much fewer subcarriers than that in common
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Fig. 6. BER performance comparison between the proposed TFT-OFDM
MIMO scheme and its counterparts over the Vehicular B channel with the
receiver velocity of 30 km/h.

CP-OFDM MIMO systems. This is achieved by the timefrequency joint channel estimation method, whereby the path
delays are firstly acquired by the time-domain received TSs
without interference cancellation, then there remains much
fewer channel parameters to be estimated by fewer frequencydomain pilots. The transmission frame structure composed
of one preamble and the subsequent TFT-OFDM symbols
could provide efficient channel tracking and data detection
in MIMO systems. This paper proves the unification of the
time- and frequency-domain channel estimation based on the
preamble, and derives CRLB of proposed time-frequency
joint channel estimation. Simulation results indicate that the
proposed scheme enjoys the BER performance close to the
theoretical ergodic capacity. The proposed TFT-OFDM MIMO
scheme can be also directly applied in multiple access systems
in both the uplink and downlink, and the principle of joint
time-frequency processing behind TFT-OFDM can be adapted
for other OFDM MIMO systems (including large- and smallscale systems) to achieve higher spectral efficiency as well as
more reliable performance over severe fading channels.
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A PPENDIX P ROOF OF (15) AND (16)
We rewrite (14) as below:
MSE = σ 2 tr


−1 
.
c0 H c0

(42)
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−1

(1) (2)
(N )
Let A = c0 H c0
, since c0 = c0 , c0 , · · · , c0 t , the
Np × Np matrix A could be denoted as7
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By denoting the nth diagonal entry of A as A(n), (42) can
be further expressed as
0
1 Np
Np
13
N2
2
2
MSE = σ
A(n) ≥ σ Np p
A(n),
(43)
n=1

n=1

where the equality holds if and only if all the diagonal entries
of A are identical, i.e.,
A(1) = A(2) = · · · = A(Np ).

(44)

According to the Hadamard inequality [50], we have
Np
3

A(n) ≥ det{A},

(45)

n=1

where the equality holds if and only if A is a diagonal matrix,
which indicates that A−1 is also a diagonal matrix, i.e., the
off-diagonal elements of A should be zero:
 H
(i)
(j)
c0 = 0M , i = j.
(46)
c0
Due to the perfect autocorrelation property of the ZadoffChu sequence [19], we have
 H
(i)
(i)
c0 = Np IL ,
1 ≤ i ≤ Nt .
(47)
c0
Combining (46) and (47), we have
c0 H c0 = A−1 = Np INp = Nt LINt L .

(48)

So the optimal design criterion (15) is proved.
Again, by using the Hadamard inequality, we have
det{A−1 } = (det{A})
Thus,


det{A} ≥

1
Np

−1

≤ Np N p .

(49)

Np
,

(50)

where the equality holds if and only if A is a diagonal matrix.
Substituting (45) and (50) into (43), we finally obtain the
minimum MSE of the channel estimator as below


1
INt L = σ 2 .
(51)
MSEmin = σ 2 tr
Nt L
So (16) is proved.
One remark to make is that, the optimal preamble design
criterion (15) and the corresponding minimum MSE (16) are
consistent with the results in [13], but the proof technique
in this paper differs from that in [13]. Here we acquire the
optimal design criterion based on minimizing the MSE, and
7 Note

that Np = Nt M = Nt L as described in Section II.

the Hadamard inequality is used to avoid the inversion of the
matrix with large size, while [13] obtained the optimal design
criterion based on maximizing the mutual information, and
the arithmetic-harmonic means inequality are exploited for the
proof.
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