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Spectrum-Efficiency Parametric Channel Estimation
Scheme for Massive MIMO Systems

Zhen Gao, Chao Zhang, Chengran Dai, and Qian Han

Abstract—This paper proposes a parametric channel estima-
tion method for massive multiple input multiple output (MIMO)
systems, whereby the spatial correlation of wireless channels is
exploited. For outdoor communication scenarios, most wireless
channels are sparse. Meanwhile, compared with the long sig-
nal transmission distance, scale of the transmit antenna array
can be negligible. Therefore, channel impulse responses (CIRs)
associated with different transmit antennas usually share the
very similar path delays, since channels of different transmit-
receive pairs share the very similar scatterers. By exploiting
the spatial common sparsity of wireless MIMO channels, we
propose a parametric channel estimation method, whereby the
frequency-domain pilots can be reduced significantly. The pro-
posed method can achieve super-resolution path delays, and
improve the accuracy of the channel estimation considerably.
More interestingly, simulation results indicate that the required
average pilot number per transmit antenna even decreases when
the number of transmit antennas increases in practice.

Index Terms—Channel modelling and simulation, signal pro-
cessing for transmission, sparse channel estimation, massive
MIMO system, multiple users (MU), OFDM

I. INTRODUCTION

Massive multiple input multiple output (MIMO) systems
employing a large number of transmit antennas at the base
station to serve multiple users (MU) simultaneously can
increase the spectral efficiency significantly [1]. Therefore,
massive MIMO is considered to be a promising physical layer
transmission technology for future communications [2].

In massive MIMO systems, accurate acquisition of the
channel state information (CSI) is very essential for the
sequent signal processing [4]. For massive MIMO with time
division duplexing (TDD) protocol, the problem of the CSI
acquisition in downlink can be relieved since the base station
can obtain the CSI from uplink due to the channel reciprocity
property. However, in the widely adopted communication
systems with frequency division duplexing (FDD) protocol,
the CSI acquisition in downlink massive MIMO is a necessary
and challenging problem, since a certain user has to estimate
channels associated with a large number of transmit antennas
at the base station. For the conventional non-parametric MIMO
channel estimation schemes, the pilot overhead for channel
estimation heavily depends on the maximum delay spread of
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Fig. 1. Massive MIMO systems for future wireless communications.

channel impulse response (CIR) and the number of trans-
mit antennas [2]. Therefore, massive MIMO systems using
the conventional non-parametric MIMO channel estimation
schemes will suffer from prohibitively high pilot overhead due
to numerous transmit antennas at base station.

In this paper, we propose a parametric channel estimation
scheme for massive MIMO systems, whereby the spatial
correlation of wireless channels are exploited to improve
the accuracy of the channel estimate as well as reduce the
pilot overhead. The proposed scheme can achieve the super-
resolution estimation of the path delay. Moreover, with the
increase of transmit antennas, to obtain the same accuracy of
the channel estimate, the required number of pilots can be
reduced. The main contributions of this paper are summarized
as follows:

1) Due to the sparsity and the spatial correlation of wireless
MIMO channels [3], [5]–[7], [9], the channel impulse respons-
es (CIRs) of different transmit antennas share the common
sparse pattern. By exploiting those two characteristics, the
proposed scheme can achieve the super-resolution estimation
of path delays with arbitrary values.

2) Since the sparsity of wireless channels is exploited, the
proposed parametric channel estimation scheme can use less
pilot overhead or enjoy higher spectral efficiency than the
conventional non-parametric channel estimation schemes.

3) With the increased number of transmit antennas, to
achieve the same channel estimation performance, the required
number of pilots can be reduced further, or more accurate
estimate of the channel can be achieved with the same number
of pilots. Therefore, the proposed sparse channel estimation
scheme is suited for massive MIMO systems.

II. SPATIAL SPARSITY OF WIRELESS MIMO CHANNELS

The massive multiple user (MU) MIMO systems are illus-
trated in Fig. 1, where the base station employing Nt transmit
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antennas simultaneously serve multiple user equipments (UEs)
with single receive antenna.

In typical outdoor communication scenarios, the CIRs are
intrinsically sparse due to several scatterers. For a ceratin
UE, the CIR of a certain transmit-receive antenna pair can
be expressed as the tap model [10], [11], i.e.,

hi(τ) =
P∑

p=1
αi
pδ(τ − τ ip), 1 ≤ i ≤ Nt, (1)

where δ(·) is the Dirac function, hi(τ) is the CIR of the receive
antenna associated with the ith transmit antenna, Nt is the
number of transmit antennas, P is the number of resolvable
propagation paths, τ ip is the pth path delay, αi

p is the pth path
gain.

Since the scale of transmit antenna array can be ignored
in contrast with the scale of signal transmission distance,
signal propagations from different transmit antennas to the
same receive antenna share the very similar scatterers [9].
Therefore, as shown in Fig. 1, CIRs of different transmit
antennas associated with the same receive antenna share the
approximately common path delay, though the corresponding
path gains are distinct owing to the small-scale fading [9].
For most communication systems, the path delay difference
of different transmit-receive antenna pairs associated with
the similar scatterer is less than the tenth of the system
sampling period, namely, max |τ i1p − τ i2p | ≪ Ts for 1 ≤ i1 ≤
Nt, 1 ≤ i2 ≤ Nt, where the system bandwidth is fs = 1/Ts.
Consequently, the common sparse pattern is exact in the sense
system bandwidth.

III. PILOT PATTERN DESIGN

At the receiver, the discrete baseband CIR is

h[n] = h̃(t)
∣∣∣
t=nTs

= gT (t) ∗ h(t) ∗ gR(t)|t=nTs

= h(t) ∗ g(t)|t=nTs
=

P∑
p=1

αpg(t− τp)|t=nTs
,

(2)

where i in (1) is omitted for convenience, h̃(t) is the analog
equivalent baseband CIR by considering the transmit shaping
filter gT (t) and the receive shaping filter gR(t), g(t) = gT (t)∗
gR(t), and Ts is the sampling period.

The Fourier transform of h[n] is H(f) =
∞∑

k=−∞
H̃(f − kfs), and it appears periodic due to the

sampling, where fs = 1/Ts is the system bandwidth. Here
the Fourier transform of h̃(t) is H̃(f).

We consider H(f) when k ∈ [−fs/2, fs/2], i.e.,

H(f)
(a)
≈ H̃(f) =

P∑
p=1

αpG(f)e−j2πfτp
(b)
≈

P∑
p=1

αpCe−j2πfτp , (3)

where G(f) is the Fourier transform of g(t), the approximation
(a) is derived because G(f) has a good suppressed character-
istic outside the band, i.e., G(f) ≈ 0 for f /∈ [−fs/2, fs/2],
and the approximation (b) is valid because G(f) satisfies the
constant amplitude within the passband, i.e., G(f) ≈ C for
f ∈ [−fs/2, fs/2]. Here we assume C = 1 [8].
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Fig. 2. Pilot pattern design, where Nt = 2, D = 5, N = 16, Np = 3,
Np total = 6. (a): The first transmit antenna, in the order of the new index;
(b): The first transmit antenna, in the order of the subcarrier index; (c): The
second transmit antenna, in the order of the new index.

Since H(f) is fs-periodic, the N -point discrete Fourier
transform (DFT) of h[n] can be expressed as

⌣

H[k] =

{
H( kfs

N
), 0 ≤ k < N

2
,

H(− (N−k)fs
N

), N
2
≤ k < N.

(4)

From (3), (4), we can observe that the phase of
⌣

H[k] when
k ∈ [0, N/2 − 1] or k ∈ [N/2, N ] satisfies the linear phase
property, respectively, but there is a jump between k = N/2−1
and k = N/2. We introduce a new index rule R(k) as

R(k) =

{
k +N/2, 0 ≤ k < N/2,
k −N/2, N/2 ≤ k < N.

(5)

Under this index sorting rule as shown in Fig. 2 (a) and (b),
for the ith transmit antenna, Np pilots are uniformly spaced
with the pilot interval D (e.g., D = 5 in Fig. 2). Meanwhile,
every pilot is allocated with a pilot index 0 ≤ l ≤ Np − 1,
which is ascending with the increase of the new index. Hence
in the sense of the pilot index, the channel frequency responses
(CFRs) over pilots satisfy the linear phase property, which is
required in the super-resolution estimations of path delays.

Finally, to distinguish channels associated with different
transmit antennas, pilots of different transmit antennas use
different index initial phase θi (1 ≤ i ≤ Nt) to ensure the
orthogonality as shown in Fig. 2 (a) and (c). Hence the total
number of pilots is Np total = NtNp.

IV. SPARSE CHANNEL ESTIMATION FOR MASSIVE MIMO
Druing a certain OFDM symbols, the estimated channel

frequency responses (CFRs) of pilots can be written as

Ĥi[l] =
P∑

p=1
αi
pe

−j2π
(θi+lD)fs

N τ i
p +W i[l], 1 ≤ l ≤ Np, (6)

where the fast Fourier transform (FFT) size is N , Ĥi[l] is the
estimated CFR of the lth pilot, D is the pilot interval, θi is
the index initial phase of the ith transmit antenna to ensure
the orthogonality of pilot patterns of the different transmit
antennas, and W [l] is additive white Gaussian noise (AWGN).

(6) can also be rewritten as

Ĥi[l] = W [l]+

[
γ(l−1)Dτi

1 γ(l−1)Dτi
2 · · · γ(l−1)Dτi

P

]


αi
1γ

θiτ
i
1

αi
2γ

θiτ
i
2

...
αi
P γ

θiτ
i
P

 ,

(7)
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where γ = e−j2π fs
N .

Because the wireless channel is inherently sparse and the
path delays of different transmit antennas associated with the
same receive antenna share the common sparse pattern, i.e.,
τ ip = τp, 1 ≤ p ≤ P , 1 ≤ i ≤ Nt. Hence (7) can be written as

Ĥ = VA+W, (8)

where

Ĥ =


Ĥ1[0] Ĥ2[0] · · · ĤNt [0]

Ĥ1[1] Ĥ2[1] · · · ĤNt [1]
...

...
. . .

...
Ĥ1[Np − 1] Ĥ2[Np − 1] · · · ĤNt [Np − 1]

 ,

(9)

V =


1 1 · · · 1

γDτ1
1 γDτ2

2 · · · γDτ
Nt
P

...
...

. . .
...

γ(Np−1)Dτ1
1 γ(Np−1)Dτ2

2 · · · γ(Np−1)Dτ
Nt
P

 ,

(10)

A =


α1
1γ

θ1τ
1
1 α2

1γ
θ2τ

2
1 · · · αNt

1 γθNt
τ
Nt
1

α1
2γ

θ1τ
1
2 α2

2γ
θ2τ

2
2 · · · αNt

2 γθNt
τ
Nt
2

...
...

. . .
...

α1
P γ

θ1τ
1
P α2

P γ
θ2τ

2
P · · · αNt

P γθNt
τ
Nt
P

 , (11)

W =


W 1[0] W 2[0] · · · WNt [0]
W 1[1] W 2[1] · · · WNt [1]

...
...

. . .
...

W 1[Np − 1] W 2[Np − 1] · · · WNt [Np − 1]

 .

(12)

It is clear that total least square-ESPRIT (TLS-ESPRIT)
algorithm can be directly applied to (8) to estimate the super-
resolution path delay if A is positive definite [13]. However, if
it does not satisfy positive definite condition, before ESPRIT
method, a spatial smooth technique based additional stage
should be performed [13]. In this stage, we obtain the path
delay estimation, i.e., τ̂ ip, 1 ≤ p ≤ P , 1 ≤ j ≤ Nr.

Then the path gains can be acquired by the LS method, i.e.,

Â = V̂†Ĥ = (V̂HV̂)−1V̂HĤ. (13)

After acquiring Â, α̂i
pγ

θiτ̂p for 1 < i < Nt are determined,
because θi and τ̂p are known, we can easily obtain the path
gain α̂

(i,j)
p for 1 ≤ p ≤ P , 1 ≤ i ≤ Nt, 1 ≤ j ≤ Nr. Conse-

quently, we acquire the estimation of channel parameters, the
path delays and path gains.

V. SIMULATION RESULTS

In this section, we investigated the channel estimation
mean square error (MSE) performance in the cyclic prefix
(CP)-OFDM for MU massive MIMO-OFDM systems. The
conventional comb-type pilot based channel estimation method
was selected for comparison. System parameters were set as
follows: fc = 1800 MHz, 1/Ts = 20 MHz, N = 16384,
Ng = N/32 = 512 is the length of the cyclic prefix, which can
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Fig. 3. MSE comparison of the proposed scheme and the conventional
scheme.
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Fig. 4. MSE comparision of the proposed scheme with different number of
transmit antennas.

combat the channel whose τmax can be 25.6 µs. Besides, in
the simulation, we adopted a randomized 6 paths channel with
the τmax < 25.6 µs, which is common in classical channel
models like International Telecommunication Union Vehicular
A and B channel models [14], [15].

Fig. 3 compared the MSE performance of two schemes,
where the Cramer-Rao lower bound (CRLB) of the conven-
tional nonparametric channel estimation scheme [10], [12] is
also plotted for comparison. From Fig. 3, we can observe that
the proposed scheme is superior to the conventional comb-
type scheme. To combat with channels with τmax < 25.6 µs,
the comb-type scheme has to use Np = 512 pilots to ensure
the reliable channel recovery. Our proposed scheme exploits
the sparsity of the channel. Therefore, the number of pilots
in our scheme can be Np = 256, which is less than the
conventional scheme obviously. In this way, the proposed
scheme enjoys higher spectral efficiency than the conventional
schemes. Additionally, it is also observed that, the MSE of the
proposed parametric scheme is even superior to the CRLB of
the nonparametric channel estimation scheme.

Fig. 4 compared the MSE performance of the proposed
schemes with different number of transmit antennas, it can
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be observed that the MSE performance improves with the
increased number of transmit antennas. Equivalently, to ob-
tain the same accuracy of the channel estimation, the pilot
overhead can be reduced further. This is because that with
the increasing number of transmit antennas, the dimension of
measurement matrix Ĥ is enlarged, hence the observations
used for estimation increase accordingly.

VI. CONCLUSION

In this paper, a spectrum-efficient parametric channel es-
timation scheme for MU massive MIMO systems was pro-
posed. In this scheme, we exploit the sparsity and the spatial
correlation of the wireless channels to improve the channel
estimate as well as reduce the pilot overhead. This channel
estimation scheme can achieve the super-resolution estimate
of the path delays with arbitrary values. More interestingly,
with the increased number of transmit antennas, to acquire
the same accuracy channel estimate, the required number of
pilots can be reduced further.

REFERENCES

[1] F. Rusek, D. Persson, B. K. Lauet, et al. “Scaling up MIMO: Oppor-
tunities and challenges with very large arrays,” IEEE Signal Process.
Mag., vol. 30, no. 1, pp. 40-60, Jan. 2013.

[2] L. Dai, Z. Wang, and Z. Yang, “Spectrally efficient time-frequency
training OFDM for mobile large-scale MIMO systems,” IEEE J. Sel.
Areas Commun., vol. 31, no. 2, pp. 251-263, Feb. 2013.

[3] Z. Gao, L. Dai, C. Yuen, and Z. Wang, “Super-resolution sparse MIMO-
OFDM channel estimation based on spatial and temporal correlations,”
to appear in IEEE Commun. Lett.

[4] I. Barhumi, G. Leus, and M. Moonen, “Optimal training design for
MIMO OFDM systems in mobile wireless channels,” IEEE Trans. Signal
Process., vol. 3, no. 6, pp. 958-974, Dec. 2009.

[5] Z. Gao, L. Dai, and Z. Wang, “Structured compressive sensing based
superimposed pilot design in downlink large-scale MIMO systems,” to
appear in Electron. Lett.

[6] L. Dai, Z. Wang, and Z. Yang, “Time-frequency training OFDM with
high spectral efficiency and reliable performance in high speed environ-
ments,” IEEE J. Sel. Areas Commun., vol. 30, no. 4, pp. 695-707, May
2012.

[7] Z. Gao, C. Zhang, Z. Wang, and S. Chen, “Priori-information aided
iterative hard threshold: A low-complexity high-accuracy compressive
sensing based channel estimation for TDS-OFDM,” Submitted to IEEE
Trans. Wireless Commun.

[8] R. Ma, L. Dai, Z. Wang, and J. Wang, “Secure communication in TDS-
OFDM system using constellation rotation and noise insertion,” IEEE
Trans. Consum. Electron., vol. 56, no. 3, pp. 1328-1332, Aug. 2010.

[9] Y. Barbotin and M. Vetterli, “Estimation of sparse MIMO channels with
common support,” IEEE Trans. Commun., vol. 60, no. 12, pp. 3705-
3716, Dec. 2012.

[10] L. Dai, Z. Wang, and Z. Yang, “Compressive sensing based time domain
synchronous OFDM transmission for vehicular communications,” IEEE
J. Sel. Areas Commun., vol. 31, no. 9, pp. no. 460-469, Sep. 2013.

[11] L. Dai, J. Wang, Z. Wang, P. Tsiaflakis, and M. Moonen, “Spectrum-
and energy-efficient OFDM based on simultaneous multi-channel recon-
struction,” IEEE Trans. Signal Process., vol. 61, no. 23, pp. 6047-6059,
Dec. 2013.

[12] L. Dai, Z. Wang, J. Wang, and Z. Yang, “Positioning with OFDM signals
for the next-generation GNSS,” IEEE Trans. Consum. Electron., vol. 56,
no. 2, pp. 374-379, May 2010.

[13] R. Roy and T. Kailath, “ESPRIT-estimation of signal parameters via
rotational invariance techniques,” IEEE Trans. Acoust., Speech, Signal
Process., vol. 37, no. 7, pp. 984-995, Jul. 1989.

[14] Z. Gao, C. Zhang and Z. Wang, “An improved preamble design for
broadcasting signalling with enhanced robustness,” IEEE IWCMC 2013,
pp. 1710-1715, 2013.

[15] L. Dai, Z. Wang, and Z. Yang, “Next-generation digital television
terrestrial broadcasting systems: Key technologies and research trends,”
IEEE Commun. Mag., vol. 50, no. 6, pp. 150-158, Jun. 2012.


