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Abstract—This paper deals with the pilot contamination prob-
lem for massive MIMO systems. Considering the sparse nature
of channel impulse response inherent in wideband systems, the
paths of channels of the desired and interference users hardly
arrive at the same time, which allows most paths of desired
channel to be distinguishable from the paths of interference
channels in time-domain. Based on this observation, we first
estimate the power delay profile (PDP) of the desired channel
with the contaminated channel estimate, from which we acquire
the delay of each path of the desired channel. By extracting
the corresponding channel components from the contaminated
channel estimate, a clean channel estimate can be obtained.
To reduce the impact of pilot contamination on the estimated
PDP, we propose a pilot assignment method among adjacent
cells to randomize the interference over successive uplink frames.
Simulation results demonstrate substantial sum rate gain of the
proposed approach over existing methods.

Index Terms—Channel estimation, pilot contamination, mas-
sive MIMO, sparse channel

I. INTRODUCTION

Multiple-input multiple-output (MIMO) techniques are
widely employed in wireless networks. By installing a large
number of antennas at a base station (BS), massive MIMO
can provide high data rate [1], which has become a promising
candidate for the fifth-generation (5G) cellular networks [2].

The achievable rate of MIMO systems largely depends on
the quality of the instantaneous channel information available
at the BS. Considering the overhead to obtain channel infor-
mation, time-division duplex (TDD) is widely recognized as a
proper mode for massive MIMO systems, where the downlink
channel is obtained through uplink training by exploiting the
channel reciprocity. To reduce the overhead and avoid the
coordination among multiple cells, orthogonal pilot sequences
for multiple users in each cell are preferred to be reused
among adjacent cells. As a result, the channel estimation is
severely degraded by the interference in training from the users
in neighbor cells with the same pilot sequence [1], [3]. As
the number of antennas at each BS goes to infinity, the so-
called pilot contamination becomes a bottleneck in achieving
the promising performance gain of massive MIMO [3], [4].

Recently, significant research efforts have been made to
circumvent the pilot contamination problem, and valuable re-
sults are obtained. Under the assumption of spatially correlated
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channels, the authors in [5] found that the pilot contamination
vanishes when the minimum mean square error (MMSE)
estimation is used if the subspaces of the covariance matrices
of the desired and interference channels are non-overlapping.
A coordinated pilot assignment method was proposed to meet
such a condition. When the channels are assumed independent
identically distributed (i.i.d.), the asymptotic orthogonality
between the channels of the desired and interference users
was exploited to mitigate the pilot contamination [6], [7]. The
authors in [6] proposed a blind channel estimation method,
where the desired channel was identified from the eigenvectors
of the covariance matrix of the received samples with the help
of the prior known average channel gains. Unlike [6], the
authors in [7] introduced a power control protocol to identify
the subspace of the signal of interest from the eigenvalue
decomposition (EVD) of the sample covariance matrix.

In this paper, we propose an alternative solution for pilot
decontamination. Considering that 5G systems will inevitably
be wideband to support high rate, in contrast to previous works
[5], [6], [7] that consider the channel feature in space domain,
we exploits the channel feature of wideband systems in time
domain by taking orthogonal frequency division multiplexing
(OFDM) system as an example. Since the multipath channels
are usually characterized by a few dominant paths [8], it is
almost unlikely that the paths of the desired and interference
channels arrive at the same time, which allows the paths
of desired and interference channels to be distinguishable.
To identify the desired paths from the contaminated channel
estimate, we design a pilot assignment method to randomize
the pilot contamination over successive uplink training frames,
and estimate the power delay profile (PDP), from which the
delays of desired paths can be estimated. By extracting the
channel components corresponding to the delays from the
contaminated channel estimate, an almost interference-free
channel estimate can be obtained. Simulations results show
that the proposed method is superior to existing methods.

Notations: Z[n,m] and z[n] denote the (n,m)th entry of
matrix Z and the nth entry of vector z, and (-)* and (-)
denote transpose and conjugate transpose, respectively. | - | is
the magnitude of a complex variable. E{-} is the expectation.

II. SYSTEM MODEL

We consider a downlink TDD OFDM cellular network with
B full frequency reused cells. In each cell, a BS equipped with
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M antennas serves K single-antenna users on N subcarriers.

We assume block fading channel, which is constant during
each frame of uplink training and downlink transmission but
may be independent from the one in another frame. The
downlink channel for precoding is obtained through uplink
training by exploiting the channel reciprocity. To facilitate
channel estimation for each user, N, pilots are inserted in
the N subcarriers for uplink training [9]. To eliminate the
multiuser interference, the pilots of multiple users within the
same cell should be orthogonal. For ease of exposition, we
consider time-division orthogonality, where each user occupies
one OFDM symbol for training and hence totally X' OFDM
symbols are required for each cell. We assume that the K
OFDM training symbols are reused by all cells, which causes
the pilot contamination.

To demonstrate how to exploit channel sparsity to elimi-
nate pilot contamination, we consider spatially uncorrelated
frequency selective channel, where only the sparsity in time
domain is taken into account. The discrete channel impulse
response (CIR) between the mth antenna at the bth BS and
the kth user in the jth cell can be expressed as

Loy, —1
o)=Y ab ;. 6n—7 ;),0<n<Ny—1 (1)
1=0
where L;, ;. is the number of non-zero resolvable paths,

the integer 7; , is the delay of the Ith path, o, ; is the
corresponding amplitude, and Ny, is the length of the CIR,
which is assumed less than the length of cyclic prefix (CP) of
the OFDM system and Ly, ;, < Ny.

Denote hy,, j, £ [s,,, (0), - by, 5, (No—1)]T € CNex?t
as the CIR vector, and ay, j, € CM*! as the power delay
profile (PDP) vector of h,_ ;,, whose nth entry is a,,, ;, [n] =
E{|hy,, ;. [7]|*} and is time-invariant. For massive MIMO with
co-located antennas at each BS, the PDPs seen at different
antennas are identical, thus a;  ;, can be simplified to ay;, .

In wideband systems, the multipath channel exhibits a
sparse nature [8], i.e., Ly, ;, < Nyp. In other words, most
components of hy_ ;, and a;;, are approximately zero. The
number of non-zero paths L; ; depends on the system
bandwidth and propagation environments. When the antennas
of a BS are mounted at a high place, the channel is usually
modeled by several dominant paths, typically seven to nine
[10]. An example of sparse channel is illustrated in Fig. 1.

III. CHANNEL ESTIMATION ASSISTED WITH PILOT
ASSIGNMENT

In multipath channels with time-domain sparsity, the paths
of channels from different users hardly arrives at the same
time. This makes the resolvable paths distinguishable in time-
domain with high probability. If we can obtain the delays of
paths of the desired channels, the desired CIR vector can be
estimated without interference. The delays of the desired paths
can be obtained from the estimated PDP vector. Since the CIR
vectors of the desired user at the M co-located antennas have
the same statistics, the PDP vector can be simply estimated
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Fig. 1. Sparsity of the multipath channels. The paths of the desired channel
are distinguishable from the paths of the interference channel in time domain.

from the M CIR vector estimates. However, because these
CIR estimates are contaminated by those from interference
users, the resulting PDP vector estimate is also contaminated.
To identify which paths are from the desired users, we resort
to pilot assignment to randomize the interference.

A. CIR Estimation With Pilot Contamination

Consider that both the kth user in the bth cell and the
kjth user in the jth (j # b) cell transmit the pilot signals
T, ,TN,—1 onthedo, - ,dy,—1th subcarriers in an OFD-
M symbol. After dropping the CP and applying N-point fast
Fourier transformation, the received pilot signal on the mth
antenna at the bth BS can be expressed as
B-1

Yo, = XFphy, 5, + Z]:O b

X'thb'm.jn] +wp, (2
where yp,, € CNoX1, X € CNoXN> s a diagonal matrix with
diagonal entries equal to zo,- -+ ,zn, -1, F, € CVo*M s a
partial Fourier matrix extracted from the N-point full Fourier
matrix with row indices corresponding to {do,--- ,dn,—1}
and column indices corresponding to {0,---, N, — 1}, ie.,
Foli,n] =e 27 0<i<N,—1,0<n<N,—1,hy
is the CIR vector of the desired user seen at the mth antenna
at the bth BS, hy, jn, 18 the CIR vector of the interference
user, and wy, € CNpx1 is the additive Gaussian noise vector
whose entries are with zero mean and variance o?2.

Various channel estimation methods such as least square
(LS) and MMSE can be employed to estimate the CIR vector.
We take LS channel estimation as an example, which does not
assume known statistical channel information. The CIR vector
of the desired user at the mth (m = 0,--- , M — 1) antenna
of the bth BS is estimated as

B—1
By,,00 = (XFp)'yh, =hoo, + Y hoj + W, 3)
7=0.j#b

where the second term is the pilot contamination, W3, , =
(XF,)twy,,, and (-)T is the pseudo-inverse operation.
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B. Multipath Delay Estimation and Refined CIR Estimation
The nth entry of the PDP vector can be estimated as

. 1 M—-1 .
. [n] = 77 > o [0l

& B[, 0[]} 4)
(b)

= ap, [n] + Zj:oly#b apj,.. [n] + v[n] 5)

R

where step (a) is obtained by using sample average to approxi-
mate the ensemble average, step (b) is derived by substituting
(3) to (4) and by considering that different CIR vectors are
uncorrelated, and v[n] £ o2(FYX"XF,)[n,n] is the noise
term with (FEXHXF,)[n,n] being the (n,n)th entry of
(FEXHXFP) .

Note that v[n] is constant that can be easily computed,
which can be eliminated from &y, [1]. Therefore, in the sequel
we drop the noise term for notational simplicity.

The coarse estimate of the PDP vector in (5) is contami-
natf:d by an interfelﬁence term Zf:_ol’j 25 3., [n] To identify
which components in &, correspond to the desired channel,
we exploit the stationarity of the PDP vectors over successive
frames of uplink training and downlink transmission.

Consider T successive frames, during each frame the CIR
estimates for users in the bth cell are obtained with (3), and
then the coarse estimates of the PDP vectors of each of the
desired users are obtained with (5). In the tth frame, the coarse
estimation of the nth entry of the PDP vector for the channel
from the kth user in the bth cell is

B-1
&y, [n] = aw, [n] + Zj:uj;éb Abjct "] ©

where ay; , is the PDP vector from the interference user /-@?

in the jth Cell during the tth frame.

To remove the interference term in (6), we can randomize
the interference users in successive frames, which can be
accomplished by pilot assignment designed in next subsection.

After all T' estimates of the PDP vector with randomized
contamination are available, we can obtain a refined estimate
by taking their geometric average to reduce the interference,
whose nth entry is given as follows

Ao, [n] = (8, [n] x &, [n] x - x &gy ') T (D)

The following proposition indicates that ag,, is an accurate
estimate of the desired PDP vector by judiciously designing
the pilot assignment.

Prop. I: If the nth entry of the PDP vector corresponds to
the delay of a desired path, i.e., ay, [n] # 0, then ag, [n] >
app, [n]. If the nth entry does not correspond to the delay of

a desired path, i.e., ap,[n] = 0, then &y, [n] converges to

zero with probability one as 7' increases, if the contamination
B-1

terms > 7o Ay, [n],t =0,---, T — 1 are uncorrelated.

Proof: When aw, [n] # 0, by substituting (6) to (7)
it is easy to see that the first part of the proposition is
obtained since the contamination terms are non-negative.
When ay, [n] = 0, &j, [n] in (6) may also equal to zero

if no interference paths arrive at the delay of n. Denote
i Prob(ay, [n] = 0) < 1. If the contamination terms
are uncorrelated, we have Prob(ay, [n] =0) = 1—(1—¢qp) x
-++X (1 —gp—1), which approaches one as 7" increases. Then,
the second part of the proposition is proved. ]

The proposition suggests that we can decide whether index
n corresponds to a delay of the desired path based on the
value of each component in &, . If &y, [n] is non-zero, n
corresponds to a delay of path of the desired channel.

In practice, the refined estimate of the PDP vector can
be obtained via uplink training iteratively based on current
CIR estimate and the PDP estimates in previous frames. The
performance of the delay estimation based on the refined
estimate of PDP is improved after each iteration.

With the estimated delays of the paths, we can obtain
a refined estimate of the CIR vector for the desired user
by selecting the corresponding channel components from the
contaminated CIR estimate in (3). Denote £ as the index set
of the estimated delays. Then, the nth entry of the desired CIR
vector can be expressed as

N _ ﬁbrnbk [n}, nerl

&b, = { 0. nér ®)
Then, g5, € CV*L n =0,1,---, N, — 1, is the finally
obtained refined estimate of the CIR vector.

C. Pilot Assignment Strategy

In what follows, we propose a pilot assignment strategy to
decorrelate the contamination terms in the coarse estimates of
the PDP vectors during different frames.

From (6), we can observe that the contamination in the ¢th
frame depends on the PDP vectors of the B — 1 interference
users n§,0 < j < B —1,j # b. Therefore, if we can make
the interference users in all 7" frames totally different, i.e.,

KA RE0< bty ST — 1,6 # to, )

for 0 < j < B—1,j # b, then the contamination terms in all
T frames will be uncorrelated.

A simple way to do this is using circular shifting pilot
assignment. Based on the assumption that the pilot signals for
the users in the same cell is time-division orthogonal, the pilot
assignment is equivalent to the training symbol assignment.
Suppose that each cell employs K OFDM symbols for the
training of the K users. Denote Ay, b =0,---,B — 1 as the
T x K pilot assignment matrices for all B cells. Denote its
(t,k)th element A,[t, k] as the index of the OFDM training
symbol that assigned to the kth user in the bth cell during the
tth frame, whose value ranges from 0 to K — 1.

We generate A by circularly shifting of the preceding row
vectors: the first row vector of A, is given as [0,1,--- , K —1],
and the rth row vector is rotated b elements to the left relative
to the (r — 1)th row vector. An example of Ay, Aj, Ay with
B =3,K =3,T = 3 are respectively given as

01 2 01 2 0 1 2
01 2 , 11 20 ,1 2 01 (10)
01 2 2 01 1 2 0
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The following proposition shows that such a pilot assign-
ment strategy satisfies (9) under mild conditions. Owing to the
space limitation, we only give a sketch of the proof.

Prop. 2: If K is a prime number with K > B and K >

T, the indices of interference users H?, e ,/{?71 are totally
different.
Proof: Based on the assignment Ag,---,Ap_;, after

regular manipulations we can show that the index of the
interference user in the tth frame is,

/45- = (k—t(j —b))(mod K) (11)

where (-)(mod K) denotes the remainder of (-) divided by K.
For any pair of frames t1 # t2,0 < t1,to <T — 1, we have

K=K = (02— 1)~ D) mod K)  (12)

Note that 0 < |t — ¢1] < T and 0 < |j — b] < B. When
T,B < K and K is a prime number, |(t2 — t1)(j — b)| is
indivisible by K. Thus the right hand side of (12) is non-zero,
then /i;l #+ /{2-2 holds. [ ]

The condition K > T in the proposition implies that
the proposed CIR estimate strategy should converge rapidly.
Another condition K > B is easy to be satisfied in practice
for massive MIMO systems. For the third condition, when K
is not a prime number, we can chose a prime number K '
slightly larger than K and generate the 7' x K assignment
matrices. Then, we choose the first X columns to form the
final assignment matrices. Note that such a pilot assignment
strategy does not need the coordination among multiple cells.

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
method of channel estimation and pilot assignment by com-
paring with existing methods with simulations.

We consider a network of seven cells, each consists of one
BS to serve 10 uniformly located single-antenna users. To
remove the boundary effect, wrap around is considered. The
radius of each cell is 250 m, and the path-loss is modeled as
PLB = 35.3437.6log,,(d), where d (in meter) is the distance
between the BS and the user. The transmit powers of each
user and each BS are 23 dBm and 46 dBm, respectively. The
OFDM parameters are set according to the LTE systems with
20 MHz bandwidth [9]. We consider the extended vehicular
A (EVA) channel model [10], which has a maximum delay
of 2510 ns with nine non-zero paths. The zero-forcing (ZF)
beamforming with equal power allocation is employed for
downlink transmission. The simulation results are averaged
over 500 random drops of users, where in different drops the
small scale channels are independently generated.

In Fig. 2, we show the convergence of the refined CIR
estimation with the pilot assignment during successive frames.
We can see that after three or four frames for training, the per-
cell sum rate achieved by the proposed method can approach
that of the perfect CIR vector, where the gap is mainly caused
by the residual contamination on the estimated paths of the
desired CIR vector. The proposed CIR estimation method is
superior to the contaminated LS estimate in (3) (with legend

60 T T T T T T T T

o
©

581 B

56 o

541 1

48 1

Sum rate per cell [bps/Hz]
o
o
L

46, , » 1
Y —©— Perfect CIR
445 Proposed method

LS method
42t : : 4

40 i i i i i i i i
1 2 3 4 5 6 7 8 9 10

Number of successive frames

Fig. 2.

Sum rate per-cell vs. the number of frames, M = 100.

i~
I
(%2}
Q
2
K]
o
9]
(s
-]
o
€
=3
(7]
—©— Perfect CIR
40} Proposed method i
SVD-based method
LS method
b
50 100 150 200 250 300 350 400 450 500

Number of antennas

Fig. 3. Sum rate per-cell vs. the number of antennas at each BS, T" = 4.

“LS method”) even without any iteration, since the noise exists
in (3) is reduced after the CIR construction in (8).

In Fig. 3, we compare the sum rate of the proposed method
with the SVD-based method [7], where the performance under
perfect CIR and that achieved by the LS estimate with pilot
contamination are also shown. We can see that our method is
superior in all cases. By contrast, the SVD-based method only
performs well with large number of antennas.

V. CONCLUSIONS

In this paper, we resolved the pilot contamination problem
for massive MIMO systems by exploiting the inherent sparsity
nature in time domain of the channels of wideband systems.
To distinguish the channel impulse response of a desired user
from the channels of the interference users, we proposed to
estimate the delays of paths after randomize the interference
by judiciously assigning pilots in successive uplink frames.
Simulation results showed that the proposed scheme converges
rapidly and is superior to existing methods.
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