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Abstract—In massive multiple-input-multiple-output (MIMO)
systems, wireless channels are estimated at a fixed and short
time interval for all users, which causes redundancy since most of
users in practice might have a considerably larger coherence time
than the prescribed time interval of estimation, and consequently
wastes considerable signaling resources on channel acquisition.
In this paper, we propose a novel channel estimation scheme
for time-division-duplex massive MIMO systems, which can
fully exploit the redundancy by exploring the temporal channel
correlation underlying the channel aging effect. We also derive a
rigorous lower bound on the achievable spectral efficiency, and
maximize the lower bound to determine the optimal time interval
of channel estimation. Numerical results show that the proposed
estimation scheme can offer great spectral efficiency gains over
the conventional one, and provide insights on how to put into
practice the proposed scheme.

Index Terms—Achievable spectral efficiency, channel aging,
channel estimation, massive MIMO.

I. INTRODUCTION

Massive multiple-input-multiple-output (MIMO), also re-
ferred to as large-scale antenna systems, is deemed as a
breakthrough technology for future generation mobile com-
munication systems. By deploying hundreds or thousands of
antennas at base station (BS) to simultaneously serve a much
smaller number of users, massive MIMO systems can offer
considerable spectral and energy efficiency with simple linear
processing approaches [1], [2]. Besides, massive MIMO can
mitigate small-scale fading effectively and result in the so-
called channel hardening effect [3]-[5]. Other benefits of mas-
sive MIMO include reducing latency on the air interface sig-
nificantly, simplifying the multiple access layer and resource
allocation, and increasing the robustness against intentional
jamming [6].

Although promising, massive MIMO entails accurate chan-
nel state information (CSI) estimates so as to fully reap the
aforementioned gains, and the signaling overhead for channel
estimation is still unbearable for both the frequency-division-
duplex (FDD) mode and the time-division-duplex (TDD)
mode. In FDD massive MIMO systems, for which channel
reciprocity does not hold, the CSI overhead is proportional to
the number of antennas at the BS [7]. As a consequence, the
CSI overhead for the FDD system will be prohibitively large
when the number of BS antennas grows greatly. TDD massive
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MIMO also suffers an excessive amount of CSI overhead with
the immense growth of mobile terminals and new applications,
though its estimation overhead is independent of the number
of BS antennas due to channel reciprocity [7], [8]. Moreover,
conventional massive MIMO systems estimate wireless chan-
nels at a fixed time interval and apply it to all users [9], [10].
This time interval is usually assumed as very short for the sake
of fitting the coherence interval of the worst-case communica-
tion scenarios. However, the users undergoing heterogeneous
propagation environment and mobility have different channel
coherence times, and most of them in practice might have a
considerably larger coherence time than the assumed time slot
duration [11]. Thus, the conventional CSI estimation scheme
is a suboptimal solution and wastes a lot of signaling resources
on estimating the channels more often than necessary, while it
gives a robust channel estimation. To ease the overwhelming
CSI overhead, it is exigent for massive MIMO systems to
design an efficient channel estimation scheme that can exploit
the heterogeneous user coherence times sufficiently.

As far as the authors have known, current researches mainly
try to conceive novel downlink training techniques and uplink
CSI feedback strategies to reduce the overhead of channel ac-
quisition for massive MIMO systems [12]-[14], whereas only
a few studies pay attention to ameliorating the conventional
channel estimation scheme. Investigations show that there is
no need for massive MIMO to consume the CSI overhead in
every transmission slot when satisfying a particular condition
[11]. In [9], the channel coherence time is assumed to be
subject to user velocity based on Clark channel model, and the
users are divided into a number of groups for different CSI
estimation frequencies according to their velocities. In [10],
[15], the authors propose that the massive MIMO systems can
reuse outdated CSI estimates for saving the CSI overhead by
taking into consideration the channel aging effect between time
slots. In this case, the stationary Gauss-Markov channel model
is assumed, based on which the authors introduce intermittent
channel estimation schemes to design the user scheduling pol-
icy. Though the aforementioned CSI estimation schemes are
sensible and achieve substantial performance improvements,
they do not adequately exploit the diversity and redundancy
among the actual user coherence times for transmitting data,
since they design the estimation schemes mainly from the
perspective of user scheduling. Furthermore, these works are
based on simple theoretical channel models, which would be
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deviated from practical communication environments. In this
paper, based on the realistic channels from COST 2100 model
[16], we remedy these deficiencies by addressing directly the
question: how often do we need to estimate wireless channels
in massive MIMO with channel aging? Different from [9],
we do not need to estimate the coherence time according to
user velocity since the actual coherence time is dependent not
only on user mobility but also on the propagation environment,
which is intractable to estimate the coherence time in practice
mobile communication scenarios. In contrast with [10], [11],
[15], we focus more on how long the time should be allocated
for data transmission per time slot for every user rather than
how many users should be scheduled per cell, while we all
need to maximize the spectral efficiency of massive MIMO
systems for determine the frequency of CSI estimation.

We first propose a novel channel estimation scheme for
TDD massive MIMO systems, in which the users with slow
changing channels can estimate channels with lower frequen-
cies (i.e. longer time interval) than users with fast chang-
ing channels by exploiting the temporal channel correlation
underlying the channel aging effect. As compared to the
conventional channel estimation scheme, our proposed method
can fully utilize the diversity and redundancy among the actual
user coherence times for transmitting payload data. Then,
we derive a rigorous lower bound on the achievable spectral
efficiency, which takes into account errors of both the channel
estimation and the channel aging. By maximizing the lower
bound and solving the optimization problem, we determine the
optimal time intervals of CSI estimation for all users. Next, the
performance gains of the conventional CSI estimation scheme
and the proposed one with different parameter configurations
are compared under the realistic COST 2100 channel model
scenarios. Numerical results show that the user mobility and
the payload transmission signal-to-noise ratio (SNR) can both
influence the optimal time interval of channel estimation, and
our proposed scheme can remarkably improve the achievable
spectral efficiency over the conventional ones. Our research
results also provide insights on how to put the proposed CSI
estimation scheme into practice.

The remainder of the paper is organized as follows. Section
IT describes the system model we adopt. Section III illustrates
our proposed channel estimation scheme for TDD massive
MIMO systems and derives a rigorous lower bound on the
achievable spectral efficiency under channel aging. A com-
binatorial optimization problem for determining the optimal
time interval of CSI estimation is also formulated in this
section. Section IV and Section V give numerical results and
conclusions, respectively.

Notations: Throughout the paper, we use boldface uppercase
letters, boldface lowercase letters and lowercase letters to
denote matrices, column vectors and scalars, respectively. X,
X*, Xt X7 w(X), |X|, and | X]| correspond to the
transpose, complex conjugate, complex conjugate transpose,
inverse, trace, modulus, two-norm of X, respectively. The
notation E[-] and var[-] denote the expectation and variance
operation, respectively.

II. SYSTEM MODEL

We start with a single-cell TDD massive MIMO system,
where a central BS equipped with A antennas serves K
single-antenna users simultaneously. We assume that the chan-
nel is constant during each transmission slot, and varies from
slot to slot. Every transmission slot of the TDD system has a
length of N, symbols and consists of two phases: uplink chan-
nel training with NV, symbols and payload data transmission
with Ny — N, symbols. We assume the proportions of uplink
and downlink transmission are \,; and A\g;, and A, +Ag = 1.
Let H € CM*K pe the actual channel matrix, where the kth
column of H, denoted by hj, represents the M x 1 channel
vector between the BS and the kth user. Before transmitting
data, the BS needs to estimate CSI in the uplink training phase.

A. Channel Estimation

We employ the pilot-based channel estimation for the sys-
tem model. In the training phase, the users send NV, known
orthogonal pilot sequences to the BS, which is denoted by
® ¢ CNo*K satisfying ®'® = Ig. N, > K must hold and
we choose N, = K for the highest payload data usage in the
conventional estimation scheme. Let ¢, the kth column of
®, be a pilot signal dedicated for the kth user, and then the
received training signal Y, at the BS is

K
Y, =P Y hdi + Zy, )
k=1

where p, is the SNR of channel estimation, and Z, € CMxK
is the additive noise matrix whose elements are i.i.d. Gaussian
random variables with zero mean and unit variance. Using the
least square estimator, the estimation of channel hj can be
given by

1
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where e, = Z ;. /\/pe is the estimation error, and the
mean-square estimation error E[||ex||?] = M/p.. Note that
the estimation accuracy in (2) depends on the number of BS
antennas and the SNR of channel estimation.

B. Uplink and Downlink Transmission

On the uplink, the users synchronously transmit their re-
spective signals to the BS. Let @, where E[|z,,|*] = 1,
be the transmitted symbol sent by the kth user, and x; £
[Tul1s- o Tul k- - , Zui k)T is the symbol vector transmitted
by the K users. The subscript ul denotes the uplink. Then, the
received signal vector at the BS can be given by

Yul =V punul + Zul, 3)

where p,, is the average SNR during the uplink data trans-
mission, and z,; € CM*1 is the additive noise vector whose
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elements are i.i.d. Gaussian random variables with zero mean
and unit variance. We apply a zero-forcing (ZF) detector
A € CMXK at the BS to detect x,,;, where the kth column of
A is denoted as ag. The decoding matrix A can be obtained
by the channel matrix H, i.e., A = H(HTH)*l. We use ay,
to decode x,,; 1, and the post-processed received signal for the
kth user is

Julk = G’Lyul

K
= \/puaihkxul,k +v/Pu Z aL’%/%l,k/ +a£zul )]
S——— k'/;ék‘ S~——

desired signal noise

interference

On the downlink, the BS uses multi-user MIMO trans-
mission techniques to broadcast data to all users. Let g
be the downlink transmission symbol to the kth user, and
the symbol vector sent by the BS to the users is de-
noted as gy £ [Tar1s- - Tdiks---»Tarx]’, which satisfies
E[mdlwgl] = Ig. The subscript dl denotes the downlink.
We employ a linear ZF precoder W € CM*K  where the
kth column of W is denoted as wyg, to map x4 to its
transmit antennas. The precoding matrix W can be given
by W = H*(H"H*)~'. Then the precoded transmission
signal vector is u = /MW xy, where 7 is a normalization
factor satisfying the power constraint E[||u||?] = 1 and can be
calculated as

1
=——. 5
T Bluww)] ©)
The received signal vector of users is
Ya = VpaH u+ za, (6)

where pg is the average SNR during the downlink data
transmission, and zg = (2411, -+, Zdlks - - - Zdl, k)" is the
additive noise vector whose elements are i.i.d. Gaussian ran-
dom variables with zero mean and unit variance. Accordingly,
the kth user observes

Yark = /pahiw + Zak

K
T T
= /Mpah, wrTa k + /1pd E h,wyzar +zar. (1)
— ——— ~——
. . k' #k f
desired signal noise
interference

III. SPECTRAL EFFICIENCY MAXIMIZATION-BASED
CHANNEL ESTIMATION SCHEME DESIGN

A. Our Proposed Channel Estimation Scheme

The conventional massive MIMO systems apply a fixed
time interval of CSI estimation T, which is also very short,
to all users for the sake of fitting the coherence interval
of the worst-case communication scenarios. In this case, all
users need to send pilot signals to the BS at each time slot,
which results in redundancy since many of them might have
considerably larger coherence times than 7, and consequently
wastes radio resources on estimating the channels more often
than necessary. Consider the channel aging effect, i.e. the
channel varies between when it is learned and when it is used,

I T |
ANH] \ 7 |
slot ¢ slot t+1 slot #+2
N & | |
slot #+3 slot t+4 slot #+5
R | V] |
slot ++6 slot t+7 slot +8

Pilots for the users with v=2 Pilots for the users with v=3

@ Pilots for the users with v=6 D Payload data transmission

Fig. 1. An example of our proposed channel estimation scheme, where v €
{vihi<i<k-

which is caused by the time variation of propagation channel
and processing delays, we can utilize the estimates of aging
channels to decode or precode data in the current transmission
slot. This is reasonable since there are temporal channel corre-
lations underlying the channel aging effect [8]. Specifically, the
channel in a given time slot is not independent, but correlated
with the channels in previous and future time slots. Based
on this phenomenon, we propose a novel channel estimation
scheme for the TDD massive MIMO system (the extension to
the FDD massive MIMO system is straightforward), in which
the achievable time interval of CSI estimation for every user is,
respectively, v1 s, ..., V;Ts, ..., vgTs (v; € NT, 1 < i < K).
v; = 1 means that the BS needs to continuously estimate the
CSI in a conventional manner. For those users with v; > 1
who do not need to send pilots at each transmission slot,
the BS reuses the latest aged CSI estimation to detect and
transmit data on the uplink and downlink, respectively. Though
mismatched with the current channel, the aged channels still
can provide effective spectral efficiency for the massive MIMO
systems when there are strong temporal channel correlations
[17]. In the proposed estimation scheme, the pilot transmission
is periodically repeated every L time slots, where L is the
least common multiple of vy, ..., v;, ..., vx. Note that larger
v; can free more time for payload data transmission, but it
leads to larger channel aging errors, which will cause a loss
on the achievable spectral efficiency. It is also not appropriate
to set the value of v; as too small, since in this way we do
not fully exploit the temporal channel correlation to improve
the spectral efficiency. Thus, there exists optimal values of
{vi}h1<i<k for maximal achievable spectral efficiency under
channel aging. We give an example in Fig. 1 to illustrate
our proposed scheme, where the BS serves six users and the
optimal values of {v; }1<;<¢ have been obtained as 2, 2, 3, 3, 6,
6, respectively. It is observed from this example that . = 6 and
every user sends the pilot signal at their respective frequency,
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which saves the pilot resources and further improves the
payload transmission rates.

B. Optimize Time Interval of CSI Estimation for Maximal
Spectral Efficiency

For determining the optimal values of {v;}1<;<x, we first
need effective signal-to-interference-plus-noise (SINR) expres-
sions to evaluate the achievable spectral efficiency of massive
MIMO under the channel estimation and aging. To this end, we
use the technique developed in [18], which is also commonly
applied in prior works [11], [15], [17], to derive rigorous lower
bounds on the achievable spectral efficiencies of uplink and
downlink, respectively. We can find from Fig. 1 that the BS
has the following CSI: including only the current estimated
CSI, including only the aged estimated CSI, and including
both the current and aged estimated CSI, for which we use
F[n] to denote and ‘n’ represents time n. Let f,[n] denote
the kth column of F[n]. For the uplink transmission, we can
rewrite ¥, in (4) as

Gul,k[n] = mal[n]fk[n]wuz,k[n]
+ /pual[n](hi[n] = £z kn]

K
+ \/piu Z a]t[n]fk’ [n}mul,k’ [n] + O’L[n}zul[nL
k' £k
where aj,[n] can be obtained by A[n] = F[n](F'[n]F[n])~",
and ‘hy[n] — f.[n]" represents the error due to the channel
estimation or channel aging. Then we view 7y ;[n] as the
received signal of a single-input single-output (SISO) system
with the effective channel of f[n] while the remaining terms
are treated as the worst-case uncorrelated additive noise, which
is independent Gaussian noise of same variance. Therefore, the
power of desired signal can be given by

Dutk[n] = pulal[n] £, 0] ©)

The power of interference plus noise is

Luk[n] = pulaf[n](hy[n] = filn])?

K
+pu Y lap[n) i n]* + |a) 0] .
k' 4k

®)

(10)

As a result, the post-processed SINR and achievable spectral
efficiency for the kth user at time n can be written as,
respectively

~ Duk[n]
SINRul’k[TL] = ]Iul’k[n] 5 (11)
C'ul’k[n] =log, (1 + SINRulvk[n]). (12)

For the downlink transmission, the received signal at the
kth user yq;,1 (see in (7)) can be rewritten as

Yarkn] = /npaBlhf, [nJwy ]z k0]
+ /1pa(h, [nJwg [n] — E[h [nJwi[n]])ak[n]

K
+ VNpd Z hi [nwi () ai 0] + zakn),
k' £k

13)

Where w,[n] is obtained by W [n] = F*[n](F” [n]F*[n])~".
Similar to the processing for uplink, we consider yg; x[n]
as the received signal of a SISO system with the worst-
case uncorrelated additive Gaussian noise. Then, we obtain
the power of desired signal and interference plus noise as,
respectively

Dar i [n] = npalElhy [n]wy[n]]|%, (14)
La i [n] = npavar[h} [n]wg[n]] + 1
T (15)
+mpa Yy Ellhf [n]w [n]?].
KAk

The post-processed SINR and achievable spectral efficiency
for the kth user at time n can be given by, respectively,

_ Dak[n]
L k[n]
Cdl,k[n] = IOgQ(l + SINRdl’k[n]).

SINRdl’k [n] (16)

7)

So the combined spectral efficiency for the kth user at time n
is

Crn] = MuCurk[n] + AaiCar k[n]. (18)

Now we try to maximize the average total spectral effi-
ciency for the TDD system by choosing the proper values of
{whgg i for K users in the proposed scheme, which can
be formulated as the following problem:

J-1 . K
.1 Ny — N,[j] )
max  lim — ioT E Cil7]

{viti<icx J—oo J Pt

J
st. v, eNT1<i<K

' N 19)
4 1, if rem(j,v;)=0 (
0:l5] = {o, it rem(j.v,)#0

K

3651 = Nl

=1

where rem(j, v;) denotes the remainder after division of j by
v;, ;][] = 1 or 0 indicates the ith user needs or does not need
to send pilot signals to the BS in the jth time slot, and N, [j]
is the total number of users that need to send pilots in the jth
time slot. Eq. (19) is a combinatorial optimization problem
and can be solved by sequential search when the number of
users is not very large.

IV. NUMERICAL RESULTS

In this section, we validate the proposed channel estimation
scheme by using the COST 2100 channel model, which
has close agreements with realistic massive MIMO channel
measurements [16], and present our preliminary numerical
results. We consider a TDD massive MIMO system, where
M =64, K =06, Ny =14, Ts = 1 ms, Ay = \gg = 1/2.
Through the COST 2100 model we construct an outdoor
channel environment with a bandwidth of 20 MHz at central
frequency 1.9 GHz. The channel estimation SNR p., uplink
and downlink transmission SNR p,, and p4 are set depending
on the specific simulation scenarios, and p, = pg unless
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Fig. 2. Achievable spectral efficiency of the TDD system using our proposed
scheme versus different v: a) p, = pg = 0 dB; b) py, = pg = 30 dB. pe =
20 dB.

otherwise specified. For simplification and tractability, we
assume that the user moving speed is the same for each
user, and all users have the identical value of {v;}1<i<k,
ie. v1 = ... = vg = v. In this case, we use the sequential
search algorithm to solve (19), and the solved optimal value
is denoted by v*.

First, we compare the achievable spectral efficiency of the
TDD system using our proposed channel estimation scheme
with respect to the value of v, which are depicted in Fig. 2.
Fig. 2a illustrates the scenario of low payload transmission
SNR where p,, = pg = 0 dB, and Fig. 2b shows the scenario
of high payload transmission SNR where p, = pg = 30
dB. In both scenarios, the user moving speed is set to be
[1, 3, 6, 10] km/h, respectively, and the channel estimation
SNR p. = 20 dB. We can see from Fig. 2 that the optimal
value of v for maximal spectral efficiency decreases as we
increase the user velocity. This is consistent with intuition
since fast varying channels offer weak channel correlations
over time, and using large v will lead significant channel
aging errors as compared to the slow varying channels. For the
users moving with high velocities, the losses on the achievable
spectral efficiencies caused by the channel aging errors will
be more likely to outperform the gains obtained by exploiting
the aged channels, and consequently the optimal value of v
for them would be smaller. Moreover, we observe that the
optimal value of v with the same user velocity in Fig. 2a is
obviously larger than the one in Fig. 2b, which demonstrates
that the payload transmission SNR also has a considerable
impact on the selecting of v*. The reason behind this can
be found in the expressions of achievable spectral efficiency
considering the channel aging error (see (10) in Section III).
Specifically, the channel aging error has a small impact on
the achievable spectral efficiency as compared to the noise
in the payload transmission when p,, and pg are low. In this
case, increasing v in the proposed scheme will be inclined to

09 r 1
0.8 b
0.7 b
0.6 1
a
8 0.5
0.4 r 1
03 1
0.2 b
y Conventional scheme
01 /] Our scheme with v=v'=4 ||
/ Our scheme with v=10
0 L /’/ L L L L L L
35 40 45 50 55 60 65 70 75
Spectral Efficiency [bits/s/Hz]
Fig. 3. CDF of achievable spectral efficiency among the conventional

estimation scheme and the proposed ones. pe = py, = pg = 20 dB.

obtain more spectral efficiency gains since the channel aging
error is suppressed by the payload transmission noise. In the
scenario of high payload transmission SNR, the noise in the
payload transmission is negligible as compared to the channel
aging error, so the latter will dominate the achievable spectral
efficiency and it is counterproductive to increase v.

Fig. 3 compares the cumulative distribution function (CDF)
of achievable spectral efficiency among the conventional chan-
nel estimation scheme and the proposed ones. In this scenario,
the user moving speed is 3 km/h, and p. = p, = pg = 20
dB. We solve for v* = 4 and choose v = 10 for comparison.
From Fig. 3, we see that the achievable spectral efficiencies
obtained by the conventional scheme are mainly in the range
of [40, 45] bits/s/Hz, and the ones of our proposed schemes
are mainly distributed above 45 bits/s/Hz. Meanwhile, we
observe that the proposed scheme with v = v* = 4 performs
much better than the conventional scheme and the proposed
one with v = 10 from the view of probability distribution
of achievable spectral efficiency, which demonstrates that by
adequately exploring the temporal channel correlations we can
exploit the redundancy among actual user coherence times to
remarkably improve the performance gains of conventional
massive MIMO systems.

Note that the BS cannot obtain perfect CSI and it is imprac-
tical to use the actual channel H to compute the achievable
spectral efficiency considering the channel estimation and
aging; we adopt the estimated CSI H to substitute H in (19)
to solve for v*. Though in this way the channel estimation
error is ignored, we still can acquire correct v* to some extent,
which is substantiated in the following simulations. Fig. 4
illustrates v* solved by respectively using the actual channel
H and the estimated channel H with respect to the payload
transmission SNR. We set the user moving speed as 1 km/h,
and the channel estimation SNR of Fig. 4a-c as 20 dB, 40 dB,
60 dB, respectively. We see in Fig. 4 that the solved v* by H
and H are the same for relatively low payload transmission
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Fig. 4. Solved v* by the actual channel H and the estimated channel H
versus payload transmission SNR: a) p. = 20 dB; b) p. = 40 dB; ¢) p. = 60
dB.

SNR. This is because the payload transmission noise has
a dominant impact on the achievable spectral efficiency as
compared to the channel estimation error when p,, and p, are
low, which can be observed in (10). In this case, the impact
of channel estimation error on using H to solve for v* can
be neglected, and consequently there is no difference between
the solved v* by H and H. In contrast, we find that the
solved v* by H is inconsistent with the one solved by H and
is always equal to 1 for relatively high payload transmission
SNR. In other words, with high p,, and p, the BS will wrongly
choose to estimate CSI in a conventional manner when using
H to solve for v*. This can be explained by the fact that the
achievable spectral efficiency of the conventional scheme with
ZF decoding/precoding will grow linearly, rather than saturate,
as the payload transmission SNR increases, since we use H o
compute SINR and do not take the channel estimation error
into account for high p, and pg [19]. So we can improve
the robustness of our proposed scheme by increasing p. to
decrease the channel estimation error, which is demonstrated
by the right shift of breakaway point. Note that the breakaway
point is indicated by the arrow in Fig. 4a-c.

V. CONCLUSION

In this paper, we investigated how often wireless channels
should be estimated in massive MIMO with channel aging.
We first proposed a novel channel estimation scheme for TDD
massive MIMO systems to effectively exploit the redundancy
among actual user coherence times based on the temporal
channel correlation. Then we derived closed-form expressions
for achievable spectral efficiency under channel estimation and
aging, and formulated a combinatorial optimization problem

for determining the optimal time interval of CSI estimation
in the proposed scheme. Numerical results demonstrate the
great performance gains obtained by our proposed estimation
scheme as compared to the conventional one, and the proposed
scheme can be applied in practice to some extent even without
perfect CSI. In the future, we can extend this work to multi-
cell massive MIMO systems and packet-based transmissions,
and use channel prediction techniques to improve the proposed
estimation scheme. It is also interesting to study how the
number of BS antennas affect the proposed scheme.
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