Large-scale multiple-input multiple-output (MIMO) with high spectrum and energy efﬁciency is a very promising key technology for
future 5G wireless communications. For large-scale MIMO systems,
accurate channel state information (CSI) acquisition is a challenging
problem, especially when each user has to distinguish and estimate
numerous channels coming from a large number of transmit antennas
in the downlink. Unlike the conventional orthogonal pilots whose pilot
overhead prohibitively increases with the number of transmit antennas,
a spectrum-efﬁcient superimposed pilot design for downlink largescale MIMO scenarios is proposed, where frequency-domain pilots
of different transmit antennas occupy completely the same subcarriers
in the frequency domain. Meanwhile, spatial–temporal common
sparsity of large-scale MIMO channels motivates us to exploit the
emerging theory of structured compressive sensing (CS) for reliable
MIMO channel estimation, which is realised by the proposed
structured subspace pursuit (SSP) algorithm to simultaneously
recover multiple channels with low pilot overhead. Simulation
results demonstrate that the proposed scheme performs well and can
approach the performance bound.

Introduction: As a promising key technology for future 5G wireless
communications, large-scale multiple-input multiple-output (MIMO)
employing a large number of antennas at the base stations (BS) to simultaneously serve multiple users can boost the spectrum efﬁciency and
energy efﬁciency by orders of magnitude [1]. In large-scale MIMO
systems, accurate channel state information (CSI) is essential for
signal detection, precoding, resource allocation etc., and its reliable
acquisition is challenging, especially in the downlink where each user
has to accurately estimate channels from large numbers of BS antennas
[2]. By far, most researches on large-scale MIMO assume time division
duplexing (TDD) protocol, where the acquired CSI at the BS in the
uplink can be directly feedback to users due to the channel reciprocity
property, thus the challenging CSI acquisition in downlink can be
avoided [3]. However, the CSI obtained in the uplink may not be accurate or even outdated for the downlink in TDD systems, which will cause
a signiﬁcant performance loss, especially for mobile users. Moreover,
since frequency division duplexing (FDD) still dominates current wireless cellular systems, the downlink CSI must be acquired since the
channel reciprocity property does not exist for FDD systems [4].
In this Letter, we propose a spectrum-efﬁcient superimposed pilot
design based on the emerging theory of structured compressive
sensing (CS) [5] to solve the challenging problem of accurate CSI acquisition in downlink large-scale MIMO systems. In contrast to the conventional orthogonal pilots whose pilot overhead prohibitively increases
with the number of transmit antennas due to the pilots for different transmit antennas are orthogonal in the frequency domain, the proposed
superimposed pilot design allows different transmit antennas to
occupy the exactly same subcarriers. At the receiver, the structured subspace pursuit (SSP) algorithm derived from the classical subspace
pursuit (SP) algorithm [6] in standard CS theory is proposed to reliably
distinguish and accurately estimate multiple channels by exploiting the
inherent spatial–temporal common sparsity of large-scale MIMO channels [7]. In this way, the pilot overhead can be signiﬁcantly reduced.
Spatial–temporal common sparsity of large-scale MIMO channels:
During the kth orthogonal frequency division multiplexing (OFDM)
symbol, the channel impulse response (CIR) between the mth transmit
antenna and a certain user can be denoted by hm,k = [hm,k(0), hm,k(1),
…, hm,k(L − 1)]T for 1 ≤ m ≤ M, where M is the total number of transmit antennas, L is the maximum channel delay spread and the number of
non-zero elements K in hm,k satisﬁes K ≪ L due to channel sparsity [7].
Meanwhile, due to the compact antenna geometry, CIRs between different transmit–receive pairs share very similar path delays, which is
referred to as the spatial common
MIMO channels [7].
! of#L−1
" ! sparsity
Thus, let Sm, k = supp{hm, k } = t:!hm, k (t)! . 0 t=0 be the support of
hm,k, we have S1,k = S2,k = … = SM,k.
Moreover, during several adjacent OFDM symbols, although path
gains may be quite different, path delays remain almost unchanged
due to the temporal correlation of wireless fading channels [8], which

Superimposed pilot design: In the conventional orthogonal pilots as
shown in Fig. 1a, pilots of different transmit antennas are nonoverlapping and null pilots are used to prevent the mutual interferences
among different transmit antennas at the cost of high pilot overhead,
especially when the number of antennas becomes large. In contrast,
the proposed superimposed pilot design allows pilots of different transmit antennas to occupy completely the same subcarriers in the frequency
domain as illustrated in Fig. 1b, and the large pilot overhead due to null
pilots can be avoided. Speciﬁcally, subcarrier indexes allocated to pilots
can be denoted by Ω, which is identical for all transmit antennas, and it
can be uniformly decimated from [0, N − 1] as the conventional combtype pilots for single-antenna systems, where N is the discrete Fourier
transform (DFT) size of the OFDM symbol. Meanwhile, in order to distinguish channels associated with different transmit antennas, pilot
sequences {pm }M
m=1 of different transmit antennas differ one from
another, i.e. pm ≠ pn if m ≠ n, which can be easily realised by generating
the pilot sequences according to the independent and identically distributed random Bernoulli distribution ( ± 1). Consequently, in contrast to
the conventional orthogonal pilots with the total pilot overhead
Np_total = MNp, where Np denotes the required number of pilots per transmit antenna, the total pilot overhead in the proposed scheme is reduced
to Np_total = Np due to the superimposed pilot design.
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indicates that MIMO channels also exhibit temporal common sparsity.
Therefore, we further have Sm,k = Sm,k + 1 = … = Sm,k + R−1, and the temporal common sparsity can be assumed during R adjacent OFDM
symbols [8].
Such spatial–temporal common sparsity of MIMO channels is usually
not considered by state-of-the-art schemes, but will be exploited for the
spectrum-efﬁcient pilot design and reliable CSI acquisition in this
Letter.

frequency
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Fig. 1 Comparison of conventional orthogonal pilots and proposed superimposed pilots
a Conventional orthogonal pilots
b Proposed superimposed pilots

At the receiver, after the removal of the cyclic preﬁx and DFT, the
received pilot sequence yk of the kth OFDM symbol coming from M
different transmit antennas can be expressed as
%
&
M
$
hm,k
yk =
diag{pm } F|V
+ wk
0(N −L)×1
m=1
(1)
M
$
=
Pm FL |V hm, k + wk
m=1

where Pm = diag{pm} is a diagonal matrix with pm on its diagonal, F is a
DFT matrix of size N × N, FL is a partial DFT matrix of size N × L
consisting of the ﬁrst L columns of F, FL|Ω denotes the sub-matrix by
selecting the rows of FL according to Ω and wk is the additive white
Gaussian noise. Moreover, (1) can be also written as
yk = Fh̃k +wk

(2)

where Φ[P1FL|Ω, P2.FL|Ω, …, PM.FL|Ω] of size Np × ML and
h̃k = [hT1, k , hT2, k , . . . , hTM , k ]T is an equivalent CIR vector of size
ML × 1.
For large-scale MIMO systems, we usually have Np ≪ ML due to
numerous transmit antennas M and the limited number of pilots Np,
which implies that we cannot reliably recover h̃k from yk according to
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Algorithm 1: Proposed SSP algorithm.
Input: Noisy measurement matrix Y and sensing matrix Φ in (3).
'
Output: Estimated CIR matrix H.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Ω ← Ø;
k ← 1;
V1 ← Y;
while ||Vk||F < ||Vk−1||F, do
Z ← ΦHVk;
( M −1 !! (t+iL, r) !!2
, 0 ≤ τ ≤ L − 1;
c(t) $ R,
r=1, i=0 z
Ω ← Ω ∪ supp{c〉K};
Γ ← Ω ∪ [Ω + L] ∪ ,…, ∪ [Ω + L(M − 1)];
!
†
Ĥ!G $ FG Y;
(R, M −1 !! (t+iL, r) !!2
r(t) $ r=1, i=0 !ĥ
! , 0 ≤ τ ≤ L − 1;
Ω ← supp{r〉K};
Γ ← Ω ∪ [Ω + L] ∪ ,…, ∪ [Ω + L(M − 1)];
!
†
Ĥ!G $ FG Y;
'
V k $ Y − FH H;
k ← + 1;
end while

Joint sparse channel estimation based on structured CS: The spatial–
temporal common sparsity of wireless MIMO channels as addressed
above motivates us to exploit the theory of structured CS [5] developed
from the classical CS theory to simultaneously reconstruct multiple
channels. Considering (2) during R adjacent OFDM symbols with the
same pilot pattern, which is quite common in practice [7], we have
Y = FH + W
(3)
)
*
where Y = [yk, yk + 1, …, yk + R−1], H = h̃k , h̃k+1 , . . . , h̃k+R−1 and
W = [wk, wk + 1, …, wk + R−1].

According to the property of the spatial–temporal common sparsity in
MIMO channels, vectors consisting of H share the common sparse
support. Therefore, H has the inherent structured sparsity. Based on
the classical SP algorithm, which reconstructs a single high-dimension
sparse vector from one low-dimension noisy measurement vector [8],
we propose the SSP algorithm which can jointly recover multiple highdimension sparse vectors with structured sparsity from multiple lowdimension noisy measurement vectors. The proposed SSP algorithm is
described in Algorithm 1. Note that in Algorithm 1, ‖·‖F denotes the
F-norm operation, (·)H denotes the conjugate transpose, (·)† denotes
the Moore-Penrose matrix inversion, c = [c(0), c(1), …, c(L − 1)]T, r
= [r(0), r(1), …, r(L − 1)]T, [Ω + a] means add a to each element of
Ω, the vector x〉K is generated by retaining the K largest elements of x
while setting the rest of the elements to zero, ΦΓ denotes the sub-matrix
(i, j)
by selecting the columns of Φ according to Γ, z (i,j ) and ĥ denote the
ith row and the jth column elements of Z and Ĥ, respectively.
Compared with the classical SP algorithm where only one vector is
updated in each iteration, the proposed SSP algorithm simultaneously
updates multiple vectors in each iteration since taps with the same
location in each CIR vectors are considered as a whole.
Simulation results: A simulation study was carried out to investigate the
mean square error (MSE) performance of the proposed solution. The
proposed SSP algorithm with different Rs, the classical SP algorithm
and the exact least square (LS) method with perfectly known support
of the sparse channel as the performance bound were compared based
on the proposed superimposed pilot scheme. System parameters were
set as follows: the number of transmit antennas is M = 64, the system
bandwidth is 10 MHz, the DFT size of the OFDM symbol is N =
4096, the cyclic preﬁx length is Ng = 256 and Np = 800 superimposed
pilots are uniformly spaced in the frequency domain. In addition, the
six-path International Telecommunication Union (ITU) vehicular B
channel model [8] with L = 200 was considered. Fig. 2 indicates that

the classical SP algorithm cannot work since Np is too small to reliably
recover an MK-sparse signal of size ML with Np ≪ ML. However, the
proposed SSP algorithm with R = 4 works better than that with R = 1,
and both of them perform well and approach the exact LS method.
For the proposed superimposed pilot design, Np_total = 800 pilots
occupy only 19.53% of the total N = 4096 subcarriers and the equivalent
average pilot overhead per antenna is just Np_avg = 12.5 (only 0.31% of
the total N = 4096 subcarriers). This implies that compared with the classical CS algorithms (e.g. SP algorithm) which usually require
Np avg = O(K log2 N ) pilots, Np_avg required by the proposed SSP algorithm approaches the theoretical limit of 2K = 12 [5]. Meanwhile, such
low pilot overhead is almost impossible for the conventional channel
estimation schemes to realise accurate channel estimation.
100
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the underdetermined problem (2). However, the observation that h̃k is a
sparse signal due to the sparsity of {hm, k }M
m=1 inspires us to reconstruct
the high-dimension sparse signal h̃k from the low-dimension received
pilot sequence yk under the framework of CS theory. Moreover, the
spatial–temporal common sparsity of wireless MIMO channels can be
also integrated in the classical CS framework for performance enhancement, which is the subject of the following Section.
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Fig. 2 MSE performance comparison over ITU vehicular B channel

It is worth noting that although Ω and {pm }M
m=1 used in this Letter
guarantee the near-orthogonal columns of the sensing matrix Φ and
thus the reliable performance, the optimal superimposed pilot design
remains an interesting problem to be studied in the future.
Conclusions: This Letter investigates the challenging problem of pilot
design and channel estimation for downlink large-scale MIMO
systems. Compared with conventional orthogonal pilots that suffer
from a prohibitive overhead in large-scale MIMO systems, the proposed
superimposed pilot design based on the structured CS can efﬁciently
reduce the pilot overhead. Meanwhile, the proposed SSP algorithm
exploiting the spatial–temporal common sparsity of large-scale MIMO
channels can accurately recover multiple channels simultaneously.
Moreover, the proposed superimposed pilot design and the structured
CS-based channel estimator can be also extended to the uplink as well
as conventional small-scale MIMO systems for accurate CSI acquisition
with low pilot overhead.
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