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Abstract

In this paper, we study the effect of channel aging on the uplink and downlink performance of
an FDD massive MIMO system, as the system dimension increases. Since the training duration scales
linearly with the number of transmit dimensions, channel estimates become increasingly outdated in
the communication phase, leading to performance degradation. To quantify this degradation, we first
derive bounds on the mean squared channel estimation error. We use the bounds to derive deterministic
equivalents of the receive SINRs, which yields a lower bound on the achievable uplink and downlink
spectral efficiencies. For the uplink, we consider maximal ratio combining and MMSE detectors, while
for the downlink, we consider matched filter and regularized zero forcing (RZF) precoders. We show
that the effect of channel aging can be mitigated by optimally choosing the frame duration. It is found
that using all the base station antennas can lead to negligibly small achievable rates in high user
mobility scenarios. Finally, numerical results are presented to validate the accuracy of our expressions

and illustrate the dependence of the performance on the system dimension and channel aging parameters.
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I. INTRODUCTION

Multiple-input multiple-output (MIMO) with a large number of base station antennas serving
multiple users, popularly known as massive MIMO, is a key enabling technology for next gen-
eration wireless communications [1]-[3]. A singular feature of these systems is the phenomenon
of channel hardening due to large dimensions [4], that leads to quasi orthogonality among
different channel vectors [S]-[7]. This quasi-orthogonality reduces the inter-stream interference,
allowing the use of simplified transmitter and receiver architectures. Further, the array gain
increases linearly with the number of base station antennas [7], [8], leading to increased spectral
and energy efficiencies. However, the above advantages of massive MIMO rely heavily on the
availability of accurate and up to date channel state information (CSI) at the base station and
the users. In practice, the CSI at the base station is imperfect because of channel estimation
errors [9]-[11], pilot contamination [10] and is also outdated due to channel aging [12].

Channel aging is caused by the time varying nature of the channel between the cellular users
and the base station, which is in turn a consequence of user mobility [12], [13]. Contrary to
the conventional block fading channel model, an aging channel evolves continuously with time,
and is different during each transmitted symbol. This results in a mismatch between the actual
channel state and the CSI acquired during training, which could degrade the performance of a
massive MIMO system [13]. More importantly, since the minimum training duration for acquiring
CSI scales linearly with the number of antennas, the mismatch gets exacerbated with increasing
system dimensionality. As a consequence, having more antennas at the base station may in fact
lead to poor performance in the presence of channel aging.

Most of the current literature [12]-[17], starting from [12], focuses on the effects of channel
aging for time division duplexed (TDD) massive MIMO systems. In general, and the performance
loss due to channel aging is quantified using the achievable rate of the system under study. All
of the present works on channel aging consider linear receivers such as the maximal ratio
combining (MRC) receiver [12] and the minimum mean squared error (MMSE) receiver [14]
in the uplink, and linear precoders such as the matched filter precoder (MFP) [12] and the
regularized zero forcing (RZF) [13] precoder in the downlink. Linear receivers and precoders
are mainly chosen due to their simplicity and ease of analysis. The achievable rates have generally

been derived using a deterministic equivalent (DE) of the signal to interference plus noise



ratios (SINRs), and then using the DE-SINR to compute the achievable rates. The authors in [13]
also derive the non asymptotic achievable rates in addition to the more conventional DE analysis.
The results derived in these papers confirm that although the benefits of massive MIMO such
as power scaling [18] are still valid in the presence of channel aging, it does indeed lead to
a significant loss in the user performance, and its effect is accentuated by an increase in user
mobility [19]. The effect of channel aging on TDD massive MIMO systems have been also been
studied in conjunction with phase noise [13] and pilot contamination [20].

However, the extension of current massive MIMO techniques to an FDD setting has been
identified as an open challenge in [18]. The study of the effect of channel aging in an FDD
setting is also important because it is easier for the current cellular systems to upgrade to
massive MIMO in an FDD system, rather than switch to TDD [18], [21], [22]. Transmission
schemes and channel estimation for FDD based massive MIMO have been discussed in [23]
and [21], respectively. Contrary to the TDD massive MIMO model, channel reciprocity cannot
be assumed in an FDD massive MIMO system. Consequently, forward link training is required
for both uplink and downlink, making the problem of channel aging more pronounced when the
base station is equipped with a large number of antennas. The effect of channel aging on the
downlink of a beamforming based single user large MIMO system has been examined in [24].
In [24], the minimum achievable rate is optimized in terms of the number of transmit antennas
and the frame duration. It is shown that, it is not always beneficial to use a larger number of
base station antennas, and the overall throughput of such a system may degrade with an increase
in the number of transmit antennas.

Most of the current literature on the effects of channel aging on massive MIMO systems
assumes no variation in the channel during the training interval [12]-[14], [16]. While this
assumption simplifies the determination of channel estimation error variances, that are needed
to compute the achievable rates for different systems, it is unrealistic since the channel will
continue to age during the training phase, and the quality of estimates of different users will be
different due to their different training instants. Kalman filter based estimators for aging channels
have been derived in [25] but the effects of estimation errors on the achievable data rates have
not been discussed.

In this paper, we consider linear channel estimation, precoding, and receive combining, in a

single cell multiuser FDD massive MIMO setting. We first characterize the performance of the



MMSE channel estimators for both the uplink and downlink channels, and derive bounds on the

quality of the channel estimates at the end of the training duration. We then use these results to

obtain lower bounds on the achievable rate in both uplink and downlink. We study the behavior

of the MRC and the MMSE receivers for the uplink, and the MF and the RZF precoders in the

downlink. The main contributions of this work can be listed as follows:

1y

2)

3)

4)

We derive bounds on the mean squared channel estimation error for both the uplink and the
downlink channels, accounting for the effect of channel aging during the training interval.
We observe that the performance of channel estimation saturates in the presence of channel
aging, and the saturated value of the MSE normalized with respect to the mean squared
channel gain for downlink channel estimation can be as large as —3 dB for user velocities
of the order of 100 km/h. (See Section III.)

We use DE analysis along with the derived bounds on the channel estimation errors to
characterize the per user achievable rates in the uplink for the MRC and the MMSE
receivers. Increased user mobilities are observed to reduce the achievable rate by more
than a factor of two in an MMSE receiver based system with 150 cellular users. (See
Section 1V.)

We derive the DEs of the per user achievable rate in the downlink for the MFP and RZF
precoders using the bounds on the mean squared channel estimation errors, and show that
using a larger number of transmit antennas may not lead to improved data rates under
channel aging conditions. For example, in a 100 user system with a base station equipped
with 1000 antennas, using all the antennas at user velocities beyond 200 km/h may lead
to a negligibly small achievable rate, even after optimizing the frame duration based on
the channel aging parameters. (See Section IV.)

Via detailed simulations, we prescribe the optimal values of different parameters such as
frame duration, number of base station antennas used, etc. under different channel aging
conditions. We observe that the optimal frame duration for a system with high user mobility

is a function of the number of users.

The key findings of this work are that channel aging severely affects both channel estimation

and achievable rates in an FDD massive MIMO system. It is therefore not always better to use

a larger number of antennas at the base station. We have thus identified new tradeoffs due to
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Fig. 1: The system model.

channel aging that need to be taken into account while designing massive MIMO systems.

II. TIME VARYING CHANNEL MODEL

Our system model, as illustrated in Fig. 1, considers a single cell system with a base station
having N antennas communicating with & < N single antenna users indexed by k£ € {1,..., K'}.
We assume an FDD system with training for channel estimation in both the uplink and the
downlink. In the uplink frame, each user first transmits orthogonal pilot symbols to the base
station, where these are used to estimate the underlying channels. Following this, all the users
simultaneously transmit their data to the base station. The data is detected at the base station
using the CSI acquired during the pilot transmission phase. During the downlink training phase,
the base station transmits orthogonal pilot symbols from its antennas which are used by the users
to estimate the corresponding downlink channel. These channel estimates are then fed back to
the base station by the users, and are used by the latter to appropriately precode the data symbols
transmitted simultaneously to all the users during the data transmission phase. We assume an
ideal delay and error free feedback channel for ease of analysis and also to isolate the effect of
channel aging and estimation error on the system performance.

The uplink channel between the kth user and the ith base station antenna at the nth instant
is modeled as +/f,hiy[n], with 3, representing the (large scale) slow fading and path loss

component, and h;[n] representing the fast fading component modeled as a zero mean circularly



symmetric complex Gaussian (ZMCSCG) random variable (rv) with unit variance, denoted
by CN(0,1). Similarly, the downlink channel from the ith base station antenna to the kth user
can be expressed as /By fri[n] with fi;[n] representing the CN(0,1) distributed fast fading
component. Note that the slow fading and path loss component is assumed to be the same in
the uplink and downlink channels, and the same across all base station antennas.

Defining B = [Bi, ..., 8k]", we can write the uplink channel matrix at the nth instant as
H[n|diag(v/3), with H[n] € CV*K  with the entries of H[n] being CN(0,1), and diag(3)
representing a K x K diagonal matrix such that (diag((3))gx = Sk. Similarly, the downlink
channel is expressed as diag(+/B)F|[n] with F[n] € CE*¥,

The temporal variations in the propagation environment, caused due to user mobility, results in
the channel coefficients evolving with time. The channel evolution can be modeled as a function
of its initial state and an innovation component, such that the channel between the :th base

station antenna and the kth user at the nth instant is [12], [26]

hitln] = pn]hil0] + pln)zsa(n]

feiln] = pln] fil0] + plnlzpmln], (1)

where zp, ;x[n] ~ CN(0,1) and zg,[n] ~ CN(0,1) are respectively the innovation components
for the uplink and downlink channels, 0 < p[n] < 1 is the correlation between the channel
instances at lags 0 and n, and p[n] = /1 — [p[n][2. The channel innovation processes, 2, (]
and zy;[n], need not be temporally white. Their statistics are chosen such that the second-order
statistics of the model in (1) match with the temporal correlation of the channel. Specifically,
if Cy, denotes the temporal covariance matrix of the instances of one of the channel entries at
times 1 through (7'—1), the (T'—1) x (T'—1) covariance R, of an entry of the innovation vector
sequence is given by R, = D~!(Cy, — pp”)D~!, where p £ [p[1], p[2], ..., p[T —1]]" and D £
diag(p[l],...,p[T — 1]). Since channel aging is mainly caused due to relative motion between
the transmitter and the receiver, the temporal channel correlation coefficient can be assumed
to be the same for the uplink and the downlink channels. It is conventional to assume that the
channel evolves according to the Jakes’ model [12], [27], or as a first order autoregressive (AR1)
process [24]. If the channel is assumed to age according to the Jakes’ model [27], p[n] =

Jo(2m f4Tsn), where f; is the Doppler frequency, 7 is the sampling period, and Jy(-) is the



Bessel function of the first kind and zeroth order [28, Eq. (9.1.18)]. Also, each entry of the
channel vector is temporally as [Cpmr = Jo(27(m — k) f4Ts). Alternatively, if we consider
the channel to evolve as an ARl model, p[n] = p", with p being Jo(27 f;T5), and Cy, is

a symmetric Toeplitz matrix with [1,p, p?, ..., pT 7]

as its first row. We assume p[n| to be
identical across all users for simplicity. Note that, the model in (1) differs from the AR1 model
(or more generally, the AR(p) model) commonly used in the literature in that the channel state
is determined recursively in terms of its state at the previous time instant, instead of its state
at an initial time h;;[0]. Furthermore, the coefficients of the AR(p) model are chosen such that
the statistics of the channel approximately match with that of the Jakes’ model. This is an
advantage of the model in (1), namely, that the statistics of the innovation processes can be
chosen such that the statistics of the model exactly match with that of the Jakes’ model within
a finite-time window of interest. Also, since the effects of phase noise discussed in [13] can be

incorporated into the channel autocorrelation function, we do not discuss these explicitly, and

use a generalized correlation coefficient p[n].

III. CHANNEL ESTIMATION

In this section, we consider MMSE estimation of the uplink and the downlink channels,
and provide expressions for the MSE for channel estimation in both the cases. We use these

expressions to show that the performance of the estimator saturates due to channel aging.

A. Uplink Channels

Since there are K users transmitting to an /N antenna base station in the uplink, the minimal
number of uplink pilot symbols for channel estimation at the base station is /& [29]. Hence, the

signal received at the :th base station antenna at the nth instant can be written as,

=

yi[n] = Z V BeEupihir[n]r[n] + v/ Now;[n], ()

k=1
where &, 1 is the pilot energy of the kth user, Ny is the noise variance, and w;[0] ~ CN (0, 1).

The quality of the channel estimate will worsen with an increase in the delay between training
and transmission, hence, we consider the channel estimates at n = K +1, as the channel estimates

at later instants will only be worse. The effective channel at the nth (n < K) instant can be



expressed in terms of the channel at the (K + 1)th instant as
hik[n] = p*[K + 1 — n]hy[K + 1] 4+ p[K + 1 — n]Ch k(0] 3)

Consequently, (2) can be rewritten as

K
SV Buupmp K + 1= nlt )b [K + 1]

K
+ Z Bmgu,p,mﬁ[K + 1— n]¢m [n]Ch7im [n] + Nﬂwi [’fl], (4)
m=1

with 1),,,[n] corresponding to the pilot signal transmitted by the mth user at the nth time instant.
For channel estimation, we consider a weighted combination of the received training signals
with weights c;[n] chosen to match with the training sequences, v,,[n] attenuated by the aging

component, i.e.,
K

> clnlp*[K + 1 = nlihnln] = 6[k —m], )

n=1

where J[-] is the Kronecker delta function. Thus, the combined received signal can be written as

Uik Z V ﬂm upmhzm K+ Z *[K+ 1 —n]ck[n]¢m[n]
n=1
+Z"Bm umepK+1—an[ ]wm (hzm +\/ﬁozck wl )

If cx[n] and v,,[n| satisfy the orthogonality condition in (5), which is a commonly used design
criterion in pilot design for channel estimation, and further letting v,,[n] = d[n — m] and

cx[n] = (p*[K — n])~16[n — k] (which satisfies (5)), we get

V Bk&uprhin K +1 Brlupip” K + 1 — K|p[K + 1 — k] Cp K]
YK + 1 — K]/ Now;[k]. )

In the above, the first term corresponds to the channel coefficient of interest, and the others

are additive noise terms. Since the coefficients h;;[K + 1] are i.i.d., they can be individually



estimated from the corresponding u;;,. The MMSE estimate, sz of hi[K + 1] is given by

. 1
hir = p[K +1 — k?]\ / muzk ®)
u7p7

Therefore, the estimation error variance, denoted as o7 ,,, becomes

2 |pIK + 1 — K]|*Br€upi + No

ik 5kgu,p,k + NO
Now, o7 ;, can be bounded as
o[1]|*BrEw N, o[ K]|*Br&u N,
PI"Be€up + No <ol < P Prlupe + No. (10)
ﬁkgu,p,k + NO ’ ﬂkgu,p,k + NO
This holds for all sequences cx[n] and ,,[n] satisfying the orthogonality condition (5).
Letting vy, p & = %“{;””“, we can write an upper bound on the MSE for channel estimation as
ALK Yupk + 1

’Vu,p,k + 1

Now, looking at the MSE in the absence of channel aging, a}fik = we observe that in the

1
’7u,p,k+1 ’
absence of channel aging, the estimation error disappears as the pilot signal-to-noise ratio (SNR),
Yupk grows. However, in the presence of channel aging from (9),

lim  of 4 = |p[K + 1 —k]>. (12)

Yu,p, k"

That is, the channel estimation error saturates, and the limiting MSE worsens as the number
of users increases. Thus, aging adversely affects the quality of the channel estimates. We next

discuss the effects of aging on downlink channel estimation.

B. Downlink Channels

Similar to the uplink, the N antennas at the base station transmit a pilot sequence {1[n]}Y

n=1
with energies £;,,. The signal received at the kth user at the nth instant is
N
yeln] = /Br€apfuilnlviln] + v/ Now[n), (13)
i=1

where 9;[n] is the pilot symbol transmitted by the ith base station antenna at the nth instant. We

are interested in estimating the channel between the kth user and the ¢th base station antenna,
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which is related to the channel at the nth instant, fi;[n|, via fi;[n] = p*[N +1 —n]fi;[N + 1] +
pIN + 1 — n|C4ri[n]. Therefore,

N

ueln] =Y V/Brlap(p"IN + 1= n]fii[N + 1] + pIN + 1 = nfCapiln])¥iln] + v/ Nows[n].

=1

A

Defining uy; 2 327 ci[n]yx[n], where ¢;[n] is chosen such that =0 ¢;[n]p*[N +1—n]ihy[n] =

d[i — m|, we have,

wi = /Br€apfial N¥U+D -\ Buap Y pIN + 1= nlei[nltbm[nlCanmln)+v/No Y elnfwln].

Using' v,,[n] = d[n — m] and ¢;[n] = p~"*[N + 1 — n|d[n — i], we can calculate the MMSE
estimate sz of fr:[N + 1] as

. / 1
i =pIN+1 -1y ——u- 14

The MSE for the channel estimator is then given by

2 P2[N + 1 —4]Bk€ay + No

051, = 15
d,ki /6k;gd7p + NO ( )

Writing the pilot SNR at the kth user as g = Br€ap, it can be shown that
lim o3, = [p[N +1—4]|* (16)

Yd,p,k >

Therefore, the saturation in the MSE due to channel aging can be observed both in the uplink
and the downlink. However, the effect will be greater in the downlink since the number of
base station antennas is greater than the number of users in the cell. Also, in case the different
channel coefficients are correlated, a Kalman Filter based estimator similar to the one discussed

in [25] can be developed. Since the use of a Kalman filter based estimator will only improve

"For simplicity, we assume that orthogonal training sequences of minimal length are used for estimating the uplink and
downlink channels. A different choice of orthogonal pilots, where all users’ pilot sequences occupy all K training instants,
might result in the aging affecting all the users equally. However, designing an optimal pilot sequences for aging channels is
beyond the scope of this work. Our aim here is to derive bounds on the mean squared estimation error and achievable rate,
under a reasonable choice of the pilot sequence.
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the estimation performance, an upper bound on the mean squared estimation error will still be

o2 < ﬁ2[N]5kgd,p+NO‘
= Biap + No

a7

In the following sections, use these bounds on the channel estimation error to derive the achiev-

able uplink and downlink rates for different cases.

I'V. UPLINK DATA RATE ANALYSIS

In this section, we use DE analysis to obtain the achievable rates at each user for MRC and
MMSE receivers, and then compute the minimum achievable rates using the upper bounds on
error variance derived in the Section III. We assume that the users transmit uplink data during
the instants K + 1 < n < T, with T, being the total frame duration. Let the kth user transmit
the signal si[n] with a symbol energy &, at the nth instant. Then, the signal received at the

ith base station antenna can be written as

Z\/ﬁké‘uskhm nlsk[n] + w;[n]. (18)

However,

him[n] = pln — Kbghim + bep[n — K)him + pln — K] zhim(n], 19)

2 - _
where, b, = ,/%, and b, = /1 — bi. It is to be noted that b, and by correspond to
the worst case channel estimation error. Substituting (19) into (18), we obtain the signal at the

base station as

y[n] K/ Br€u.s kbkhksk |+ pln — K|/ Brus kbkhksk
Bk:gu,s,k’ﬁ[n - K]Zh kM + Z V 5771 u smh N()W[?”L], (20)

m;ék

where hy[n], hy, h,, zpi[n] ~ CN (0,Iy), and represent the vector channel from the base
station to the kth user at the nth instant, the channel estimate available at the base station, the

estimation error, and the innovation component in the channel at the nth instant, respectively.

CKXN

Multiplying y[n] with the receiver matrix VH[n] € , we can define the processed receive
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signal vector r[n] € CK*! as
r[n] = V¥ [nly[n]. 21

Now, the kth component of r[n] corresponds to the symbol transmitted by the kth user, and

can be expanded as

riln] = pln — K]\/BrEusxbivi [n Jhy.sx[n]

K K
+Zp[n— KN/ BnusmVii 1] msm +ZP Kb/ Bm€ wsmVi 1 mSm
m=1 m=1
m#£k

K
+ Z Bmgu,&mﬁ[n - K]V [ ]th + V NOVk
m=1

\/ Bkgu s kbkvk hksk + Z n— \/ ﬂm u,s mvf [n]hmsm[n]

mZh

+pln — Kb/ Brusivi [ hysi[n] 4/ Brlusipln— KIvE [n)zs i [n]se[n] + v/ Novi [n]

In both versions of the above equation, the first term corresponds to the desired signal component,
and all other terms correspond to noise and interference caused by channel estimation errors,
channel aging and the data transmission by other users. We will use both these versions of the
above equation for the analysis to follow. In the following two subsections, we use the above

expressions, along with DE analysis to derive the SINRs for V[n] corresponding to the MRC

and the MMSE receivers.

A. The MRC Receiver

For the MRC receiver, V[n] = [hy, hy, ..., hg], therefore r;,[n] can be re-arranged as

Tk [n] = p[n - K] V ﬁkgu,s,kbkﬁlljflksk _'_ Z n— ] V ﬁmgu,s,mﬁghm[n]s

ez

— K]\/ ﬁké’u,s’kl_)mflfflksm[n] + 5k5u,s7k(ﬁ[n — K})hk Zh k + vV NOhH
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Therefore, the SINR for the kth stream can be expressed as

] = (loln — KIPBGRE |[fhef?] £, ) <|p[n ~ K|PBBEE | BBy 2| &,
+ Bi(lpln = KIP)E |16 214012 €40

~1
+ Zﬁm (1B 1] 2| £ + NoE [|f1kHW[n]|Q]) @)

m;ékz

Now, each of hy, hy, h,,, and w[n] are independent with i.i.d. CA/(0,1) entries. Therefore,
for large system dimensions, we can use results from random matrix theory to approximate
the expected values in (22) using their corresponding DEs [30]. Note that, in the large antenna
regime, the instantaneous SINR and the average SINR are the same with high probability, and
can be well approximated using DEs. We can therefore use the results from [12, Lemma 1] to
simplify (22) as

77MRC[ ] — pln — K”zbiﬁkNgu,s,k a.s.
u,k T _
pln = KNP Euvs+ Bulpln = KIPEonsc S himy e+ No

> 0. (23)

We now assume that the users employ path loss based uplink power control, that is, each user

scales its data power in inverse proportionality to the long term path loss ;. Consequently, the
/Bkgu PkCu,p,k

pilot SNR at the base station becomes 7, , = N and
K12
by =b= Mkzl,Z...,K. (24)
L+ v
Defining v, s = Ay ’“i‘; =+ the SINR for each user at the nth instant can be expressed as
MRC[ ] |p[n - K]|2b2N a.s.

M — 0. (25)

[pln — K]26* + (Ipln — K]|?) + (K = 1) + 9,1

It is important to note that the user SINR after accounting for channel aging is a decreasing
function of the symbol index, and therefore, the spectral efficiencies achievable by different
symbols in a frame are no longer constant. We use a different codebook for each symbol in
the frame (and each codeword spans across a large number of frames) [31]. Therefore, for a

frame duration TMRC, each user transmits from TMRC — K| one for each time index, with each
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codebook spanning over data/pilot blocks. In this case, the average spectral efficiency per user

can be expressed as

T}:ARC
RuMﬁfr = TR Z log, (1 4 pMRC [n}) ) (26)
u n=K+1
Defining oMRC £ _I- | the above equation becomes
MRC
MRC O‘uMRC < MRC
Ru,var = K Z 10g2 (1 + 77u [nD : (27)
n=K+1

MRC
u

In (26), the parameter « is the ratio of training duration to the total usable duration of a

MRC

channel. Large values of o,

will result in higher values of SINRs increasing the argument of

the log term in (27) . At the same time, these will result in more frequent training, thus reducing

MRC

o will reduce

the number of summation terms in (27). On the other hand, smaller values of «
the argument of the log term, but will allow for longer transmission durations. Consequently,
aMRC has to be optimized based on the number of users, and the properties of the channel. Since
0 < oMRC < 1, the per user achievable rate can be numerically optimized in terms of oMRC, by

searching over the interval (0, 1]. We discuss the choice of aMRC in detail in Section TV-C.

B. The MMSE Receiver

For an MMSE receiver, the matrix V[n] becomes V[n] = R;;'H[n]l:l, where R;Z}'H[n] is the
covariance matrix of the received signal at the nth instant for the given channel estimate H.
Therefore, V[n] has to be recomputed at each instant. We first use the knowledge of the statistics
of the received signal to derive R;Z}'H[n] and V|[n], and then use these to characterize the SINR
performance of the MMSE receiver.

Defining b = [by,...,bg]", b £ [by,...,bx]" where b, and b are defined after (19), and

writing D 2  /diag(3)diag(€,..), D £ diag(b)D, and D £ diag(b)D, the vector equivalent of

the received signal can be written as

y[n] = p[n — KJHDs[n] 4 p[n — K]JHDs[n] + p[n — K]Z,Ds[n] + /Now|n). (28)

Since the data transmitted by the different users are independent, E[s[n]s” [n]] = Ix. Also, the
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channel estimation error and the transmitted data are independent [7], [29], consequently,
A2 . _ 2~ )
R,,aln] = [pln—K|PHD H" +|p[n—K|[? E[HD H"|+|p[n— K]|* E[Z,D*Z}/ |+ NoIy. (29)

Since the entries of H and Z; are i.i.d. zero mean complex Gaussian with unit variance,

EHD2H"] = Iy Zszl 02 BrEusir EZD?*Z,1] =1y Zszl BrEu.s k- therefore (29) becomes
R, aln] = |pln — K]PHD*H" + €[n]Ly, (30)

where

The MMSE detector for the kth stream at the nth instant therefore becomes vi[n] = R;l ~hy,

and hence

K
riln] = pln — K]v/Bi€usabihi R si[n] +) pln — Kb/ Bu€usmhi R hinsia[n]

m=1
m#£k

Mw

+ P[ b V ﬁm u,s,m k: msm[n]
m=1
K
+ Z V BmEusm(pln — K})hHR_ |Hth [sm[n] + v/ Novi [nJw[n]. (32)
m=1

In order to calculate the SINR, we need the variances of the individual terms in (32). Denoting

the variance of the first term of r,[n] as o7 ,[n], we get,
N ~ 12
aﬁh&=%m&wMMn—KWE[%fRﬁﬁMhJ]EWHMW- 39

Since the entries of H are CA (0,1), therefore for large system dimensions, the expectation
operation in (33) can be replaced with the DE. It is shown in Appendix A that using results
from random matrix theory the DE of o7 ,[n] can be simplified as

NBebuanloln — KPP0 e
0 34
T+ 5 eEnarlpin — KNP G

o %k [n] —
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where .

bmﬁm u,s,
erln] = | loln — K |§:1+% S+l | (35)
m;ék

and ey ,,[n] is iteratively computed as

’p[n_K]PbQ Bm u,8,m
bIBZ U,S,7 ’
| [ ” Z’L 1;i#£k 14e! (t 1)[]+6[n]

el [n] =

(36)

with the initialization ef") [n] = .

Letting agvk[n] denote the variance of the second term of (32), we show in Appendix B that

its DE can be calculated as

NY K Lokem (1]
o2, In m=lmzk 7% 220, 37
) Tl — KIPNonmlP G7)
where
.2 102, Bimu,s k) *|pIn — K][*N?¢; (1]

m = m + :
[k, Drml1] 11+ 02, BnEusm|p[n — K][2N@pm[n] |2

b2 mgu s 2 - K 2N O}

${.} denotes the real part of a complex number,

N BRAE B
Grmn] = | p[n — K] —— = ten] | (39)
ll%é:m,k 1+ €k,m,l [n]
and éy,, [n] is iteratively computed as
- K 262 u,s
Eomaln] = i = K]PUr s, (40)

K b/BZ U,S,7 ’
Pl = KIP X icriim s 1t + €]

L
€e[n]*

Also, using [12, Lemma 1] and (69), it is easy to show that the DEs of the variances of the

such that é,(f?n’l [n] =

third, fourth, and fifth terms are respectively given as

K —
mgusmb2 2 a.s
N’p[n _ KHQ ZMZI ﬁ 39 mgpk[n] N O, (41)

O'Qn—
[ 15 bl — K][2Npnln]?
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25:1 Bmgu,s,mgpi [TL] a.s.

— Nlp K]|? > 42
Tasln] = Nl = Kl e = o — KIPNa? (42
and
N a.s.
o2 [n] 0 254, (43)

- N
1+ b7 Belusilpln — K] P Ng[n]|?

It can be observed that o7 [n], 03 ,[n] and o3 ,[n] are all decreasing functions of n, which
implies that the signal power, the residual interference due to the canceled streams, and the
interference due to channel estimation errors, will all reduce as the channel ages. On the other
hand, Jik[n] is an increasing function of the time index, and corresponds to the cumulative
interference from all the data streams due to channel aging. Therefore, the advantage offered by
the MMSE receiver over the MRC receiver diminishes due to channel aging, and the effect of
channel aging is more pronounced for the MMSE receiver compared to the MRC receiver.

Considering simple uplink power control such that 3;&, s = &, 5, the matrix D becomes a
scaled version of the identity matrix. It can then be shown via simple algebraic manipulation
that oy [n] and ug[n| are independent of the user indices, and can be denoted by [n] and pu[n]

respectively. This results in a per user SINR given by

ml:/IMSE[n] o |P[_” — KJ|?Nv? a.s.
(K = 1)pln — K|P0* 4k + Ki?|p[n — K> + K (1 = |p[n — K][?) + ;)

?[n]

> 0.
(44)
The per user SINR is again a decreasing function of time. Similar to the MRC case, we can

use a different codebook for each symbol. Assuming the frame duration to be TMMSE and letting

oMMSE — s, the achievable spectral efficiency can be written as
K
vsE _ Qb — MMSE
u
n=K+1

MMSE
u

The optimal value of the parameter « can again be obtained by searching over the set (0, 1].

MRC
u

This is discussed in greater detail, along with the choice of «;, -, in the following subsection.

C. Numerical Results

Here, we present numerical results to demonstrate the effects of channel aging on the uplink
of an FDD massive MIMO system. We consider a 1000 antenna base station with a carrier

frequency (f.) of 2 GHz. The signal bandwidth is assumed to be 1 MHz, and the base station
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Fig. 2: Per user SINRs at different time instants for different user mobilities, and data and pilot
SNR of 10 dB.

is assumed to sample at the Nyquist rate of the complex baseband signal, rate, i.e., at 1 MHz.
The channel is assumed to age according to the Jakes model, i.e. p[n] = Jo(27w fyTsn).

In Fig. 2, we compare the per user SINRs in (25) against its simulated values for a 100 user
system at different user velocities. The data and pilot SNR in this case is assumed to be 10 dB.
It can be observed that the achievable SINR at a given sample index, reduces with the user
mobility, which is as expected. Also, the ripples observed in the SINR are caused due to its
dependence on the correlation coefficient, which in this case is assumed to take the form of the
Bessel function of first order. It is also to be noted that since there is a close match between
the derived and simulated values, the former can be used to accurately study the behavior of the
latter.

In Figs. 3a and 3b, we plot the per user achievable rates for MRC and MMSE based decoders
as a function of the number of users for different values of oMRC, These plots assume data and
pilot SNRs of 10 dB and a user velocity of 150 km/h. The per user achievable rates drop with
an increasing number of users due to the increased interference. The increased number of users
also results in more severe aging of the available estimates which further adds to the interference
issue. The optimal value of oMR¢ depends on the number of users and the pilot and data SNRs.

Its value is determined using a line search over the interval [0, 0.5]. The slight irregularities in
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Achievable Rate (bps/Hz)
Achievable Rate (bps/Hz)

Number of Users (K) Number of Users

(a) (b)

Fig. 3: Achievable uplink rate as a function of the number of users for a user speed of 150 km/h
and data and pilot SNR of 10 dB for (a) MRC and (b) MMSE receivers.

the otherwise monotonic decrease with the number of users is due to the fact that the SINR
at any given instant is dependent on Jy(27 f;T5n). The ripples in the Bessel function cause the
SINR, and hence the achievable rate, to become a non-monotonic function of the sample index.
Thus, the total achievable rate per frame is not a monotonic function of the frame duration.
Since we optimize the overall frame duration depending on the number of antennas/users, the
achievable rate per frame becomes a non-monotonic function of the number of antennas/users

as well. However, the per user achievable rate for the MMSE receiver is more sensitive to the

MMSE

value of «,

as compared to the MRC receiver. Therefore, a suitable choice of the frame
duration is necessary in order to fully exploit the interference canceling abilities of the MMSE

receiver.

MRC)

u

In Figs. 4a and 4b, we plot the per user maximum achievable rate (maximized over «
against the number of users for different user velocities at a data and pilot SNR of 10 dB. Here,
even though there is a dramatic influence of the velocity on the SINR, as observed in Fig. 2,
its effect on the optimized rate is limited. This is because the system adapts to higher mobility
by reducing the frame duration and optimally choosing the frame duration to achieve nearly the
same rate. It is observed that the MMSE decoder results in larger per user rates as compared to

the MRC decoder for slow moving users, but the advantage offered by MMSE decoder over an
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Fig. 4: Achievable uplink rate optimized over (a) aMRC and (b) oMMSE as a function of the
number of users for different user speeds, and data and pilot SNR of 10 dB.

MRC decoder (see Fig. 4a) reduces with an increase in the user mobility. This is in accordance

with the observations made from (44).

V. DOWNLINK DATA RATES

In this section, we derive the DEs of the downlink SINRs as seen by the cellular users, with
the matched filtering (MF) and the RZF precoders being used at the base stations [12], [14].
The base station transmits data symbols during the time instants N +1 < n < Ty. It is also
assumed the noisy and aged CSI available at the users is made available to the base station
at time (N + 1) through an ideal feedback channel. Letting sx[n] be the symbol transmitted
by the base station to the kth user at the nth time instant with an energy &, and using a
precoder vector pi[n] € CN*1, s[n] = [s1[n], sa[n], ..., sx[n]]%, P[n] 2 [pi[n], ..., px[n]] and

Eas =151, Eas, K]T, the symbol transmitted by the base station becomes

x[n] = P[n|diag (\/%) s[n]. (46)

Consequently, the signal received by the kth user at the nth instant can be expressed as

yk[n] = /Bt ™ [n]P[n]diag (\/ %) s[n] + w[n]. (47)
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2 —
Again, letting by, = %—ij]\‘%”, and bg ) = /1 — b3 ,, we can describe the channel from the
3P ’

kth user to the base station as the row vector f*),

£ [n] = pln — N]bauf® + pln — N1bgsf® + pln — N1z [n, (48)

where f (k) f , and z¢ are defined respectively as the channel estimate, the channel estimation

error, and the innovation component. Substituting (48) into (47) and simplifying, we get

B, sk
N

6k:gd,s,m
N

K
yeln] = pln — Nlbay f®piln]skln] + > pln — Nlbas £, [, [1]
m=1
5k5d,s,k
N

BrEa,sk

fFp, [n]sk[n] + p[n — N] N

-+ p[n — N]Bd,k

zgck)[n]pk[n]sk[n]—i- Nowy[n].
(49)
Again, the first term is the desired signal power, and all the other terms contribute to noise and

interference. In the following subsections, we use techniques similar to those in Section IV to

derive the DEs of the SINRs for different designs of the matrix P[n].

A. The MF Precoder

The matched filter precoder takes the form, P[n] = F¥, such that p,[n] = f®*# consequently,

the received signal can be expressed as

. Edosk 2 (k)2 _ | Bras 5
+ pln — Nlbax B ]\(;7 RERERH g [n] + pln — N B ]\(;7 ’k z,(f) [ si[n] 4+ v/ Nowy[n].

Similar to the uplink case discussed in Section IV, the variances of the individual terms of yy[n]
can be approximated using their DEs. Therefore, the DE of the SINR at the kth user can be

computed using [12, Lemma 1], and can be expressed as

B Nlp[n — N][07 1 BrEas
B Y omtameen Easam + |p[n — N1I202  Biassse + |pln — N]|2Bila,s i + No

a.s.

0.

Mo 1)

(50)
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Note that the pilot signals are common across users while the data signals are transmitted with
power control. In this work, we consider two types of downlink data power control, viz, equal
power allocation, and channel inversion power control. In the first scheme, the signals of all the
users are transmitted with equal powers such that £;,, = £, ,, and consequently, the downlink
SINR can be expressed as

N’p[n - N] |2bc21,kﬁk8d,s a.s

MFP[ 1 _
) (K = 1)Br€as + |pln — NI|207 ,.8kEas + |pIn — N]|2Bras + No

Nd.k

50, (51)

It is to be noted that both (3, and b, are decreasing functions of distance of the user from the
base station, and therefore the achievable SINR will be the minimum for a user at the cell
edge. For channel inversion based power control, each user is allocated a data power in inverse
proportionality to its long term fading coefficient ;. Hence, the SINR is given by
B Nlp[n — N”%?I,k

Sty B+ loln = NIPB .+ [pln — NP + 25

a.s.

nun 1]

0, (52)
with 74, = % In this case, the users closer to the base station will see increased interference
from the signals meant for the user located at a greater distance from the base station. Therefore,
power control for downlink massive MIMO channels in the presence of channel aging is a
nontrivial problem, and is an interesting direction for future work.

Another important observation from (50)-(52) is that with forward link training, the minimum
achievable SINR at a user is no longer a monotonically increasing function of N, the number
of base station antennas. In addition to this, a larger number of base station antennas also
increases the training duration, and reduces the effective usable time of the channel for a given
frame duration. As demonstrated in the previous section, the frame duration that maximizes
the achivable rate is a function of the number of base station antennas, the channel aging
characteristics, and the number of users. Consequently, we can optimize the minimum achievable
rate by each user by selecting a subset of the antennas from the total number of available antennas
and appropriately choosing the frame duration.

Considering equal power allocation for simplicity, we can write the achievable throughput
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with the base station using a different codebook at each instant as

TMFP
1 2
Ryfnﬁn = W vEp Z log, (1 + WXISP[TyFP]) : (53)
d n=N+1

Now, since 74, 1s minimized for the farthest user, whose distance from the base station can be

approximated as the cell radius. Defining o}ff £ T%FP as the ratio of the number of antennas
d

used (M) to the total frame duration we can write the problem of selecting the optimal number

of base station antennas and frame duration as

oMFP
RMFP S 1 1 M|p[n — M”Qbfl,min
max Ryl =~ D logy |1+ K_1 MR + o — M2+ L
M,y Qg n=N+1 ( ) + |p[n ]| d,min + ’p[n ” + ’Yd,mm
(54)
where Bmin = ming /Bk, 0< al(}dFP <1, M < N, bd,mm = W and Vd,min = Bmi]r\}—ogd’s-
min<d,p

Here, the optimal values of M and of¥f can be obtained by searching over the intervals
M €1,...,N and o¥** € (0,1). This is discussed in greater detail in the section on numerical

results. We next derive the DEs for SINR in case of an RZF precoder.

B. The RZF Precoder

Here, the precoding matrix can be expressed as
P[n] = Q' [nJF" = (|p[n — K]PFDZE + d[n]ly) 'F¥, (55)

with d[n] being the regularization parameter at the nth instant, and D, = diag(v/€,,)diag(b)diag(/3),
and b = [by, ..., bk]7. Hence,

piln] = Q' n)f W™ (56)

Using this, we can write (49) as

Eiska A
ilin) = plin — Nlbsy | o0 Qe 07, )
- b 6kgd,s,mf~(m) 11 1f0H - Br€asm Nb, . Fm™ Q[ FRH
3 by P Q05 ) 430 [Py g FOQG s, )]
m=1 m=1

K
+ pln — N]| Z \/ 5k€$’5’mz(m)Q;[n]f(k)Hsm[n] + v/ Nowg[n]. (57)
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Following steps similar to those in Appendix A, we can now show that the DE of the variance

of the desired signal can be written as

’p[n - N] ‘2b3,k6kgd,s,kN@z [n] a.s.

) _ — 0, S8
Ul,k[n] 11+ b2Easx8klpln — N]IZN g [n]|? °Y
where -
p n J— /Bmg s,m
rln| = Ll EE: 1+e d +dln) ’ 7
m;ék

and eg)m [n] is computed using iterative equation below,

0 1] = |pln — N][*bynBrEasm

e
k,m lp[n—K]|? K biBia,s,i
N Zi:l;i;ﬁk el D) + d[n]

(60)

(0)

. R . _ 1
and is initialized as e, [n] = 7

il Similarly, the residual interference power after RZF precoding

becomes
5]6 Zm;ék m:uk m[ ](c:d,s,m a_.s% 0 (61)
|1+ b7 Bk€asklpln — N]Por[n]|? ‘

o5 xln] —|pln — N]J?
where

il = 2]+ P OeEasn ol = NI, [0
m k,m |1 +6kgd757mb?n|p[n _ ]|2 7m[ ]|2

9 . 2,
B 2%{ |bmﬁk(€d,s,m||p[n ” Sokm } ) s (62)

1+ |b?nﬁkgd,s,mp[n - “Spk,m[ ]

—1
. C(lpln = N2 & B BiEaem
ka,m[n] - ( N ll%:mk 1 + ék,m,i[n] + d[n] ) (63)

and éy ,, [n| is iteratively computed as
G0 1] Lo N2 314,01
kol |pln—N]J?

— K b,L 615 ,5,1
N Zi:l;i;ﬁm,k W:ﬁ[n] * d[n]

, (64)

and is initialized as ég)m n] = ﬁ. Also, the variances of the interference components due to



25

channel estimation errors and channel aging can respectively be computed as

Bsz[n] Z'rIZ:l Bgngd7s7m a_.s._) O (65)
11+ [pln — NI?0% 1 Belas epr[n] [ ’

a3.x[n] = lpln — N]J?

and .
ﬁk@%[n] zmzl gd,s,m a.s.

1407 . 1p[n — N2BrEasrprn]]?

o3 x[n] — pln — N]|? 0. (66)

Considering equal downlink power being allocated to all the users, the SINR at the kth user

for NV base station antennas can be expressed as

e [N,
b?[ kﬁkgd,sN a.s.
C BEa N w2 el e K B (K - 1) NEg e, o Mo e
s 2a sl dm onl kCds Lam=1"m lpln=N][2 Pk ds T Toln—NTP2

It can be observed that the SINR is no longer a nondecreasing function of the number of base
station antennas, therefore, similar to the MF case, we need to optimize the throughput in terms
of the number of antennas and the frame duration. Therefore, the optimization problem in terms
of the number of antennas and the frame duration can be written as

RZF
*d

M M -
max Ry, = —p > logy {1+ m(M.n) |, (68)
Makz of
n=N+1
; : i RZF _ [1pIN=1]I”Bka,p
subject to the constraints, [3,,;, = ming By, 0 < ag™ <1, M < N, by, = , and

BrEa,p+No
(M, n) = ming, nRF[ M, n].
RZF

The optimal values of M and a;*" can be obtained by line search. We next present numerical

results to illustrate the system tradeoff revealed by the above expressions.

C. Numerical Results

Here, we present numerical results to demonstrate the effects of channel aging on the perfor-
mance. The simulation setup is same as described in IV-C.

In Figs. 5a, and Fig 5b we plot the per user achievable rates for the MFP and the RZF
precoders as a function of the number of base station antennas, optimized over the frame duration
for different user velocities. These plot corresponds to data and pilot SNRs of 10 dB. It is

observed that at high user velocities, the use of a larger number of base station antennas results
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Fig. 5: Achievable downlink rate for (a) MFP and (b) RZF precoders based system as a function of
the number of base station antennas for different user velocities for a 100 user system optimized
over the frame duration.

in a significant deterioration in the achievable rates. Consequently, the number of base station
antennas used for communication should be determined using (54). It is also observed that the
RZF precoder offers a significant advantage over the MFP for low user mobility. However, this
advantage, arising due to the cancellation of interfering streams also disappears with an increase
in user velocities. The non-monotonicity of these plots arises due to the oscillatory nature of the

Bessel function of the first order.

VI. CONCLUSIONS

In this paper, we considered the performance of an FDD massive MIMO system under channel
aging and derived the dependence of the per user achievable rate on the user mobility and the
number of base station antennas. We first derived bounds on the channel estimation error in
the presence of channel aging. Following this, we used these bounds along with DE analysis to
derive an expression for the per user achievable rate in both uplink and downlink. We considered
the MRC and the MMSE receiver in the uplink, and the MFP and the RZF precoders in the
downlink. The analysis revealed that under high user mobility, the number of base station
antennas maximizing the per user data rate for a given number of users may be less than the
number of available base station antennas. We also optimized the frame duration to maximize the

per user achivable rate. We showed that optimally choosing the frame duration and the number
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of base station antennas is an important design issue for massive MIMO systems. Interesting
directions for future work include the optimal power allocation for uplink and downlink channels

and the study of wideband massive MIMO systems under channel aging.

APPENDIX A

DERIVATION OF o7} ;. [n]

From [32], we know that

H A -1
H Hy—1 _ x7A
X (A + TXX ) = m (69)
Defining
K
Rk 2 |pln — K| Y 0% B smbmhll + en]Ly, (70)
mzk
such that R, y[n] = R,.. + |p[n — K]]Qbiﬁkgms,kﬁkﬁf. Therefore, we can write
R R hZR L hy |2
B (ol = L L S a
vk 11+ [p[n — K20 BxEus kD R, |2
Also, since flk is independent of Rmk, using [12, Lemma 1] and use (69), we get
lim o [RTR L [n]hy |2 — — [Te(R-L)2 %5 0 (72)
Novoo N2!7k 7ok k N2 n,k ’

Now, the following result holds for a random matrix X € CV** with columns x;, ~ CA(0, +Ry)

such that Ry has a uniformly bounded spectral norm with respect to M for any p > 0 [8],
. 1 H 1 1 a.s.
lim NTr(XX +pIn) — NTr(T(p)) — 0, (73)
where
K le -1
T(p) = N =+ , 74

and ey (p) is iteratively computed as

1 K 1R. -
et (p) = NI | Re (Z Nle)(p) + PIN> ; (75)



28

with the initialization e} (p) = . Substituting, Ry, = NbZBi&uklpln — K|[*Ly Vk, p = e[nl,
and defining e;[n] £ e, (e[n]) for simplicity we get

-1

Bm uskb

Tu(p) = | |pln — Z T +en] | I (76)
m;ﬁk
Therefore,
-1
S % /Bm u,s m a.s.
R, n]hyf2 — N [ [pfn — Z e +en]| 0. (77)
m;ék
Defining ¢x[n] as in (35), it can be shown that
- - N?pi[n]
hiTR~! _ [n]hy|* — k 2250 78
R el = g e e — KNl (78)
and consequently, o7 ,[n] can be expressed as (34).
APPENDIX B
DERIVATION OF 073 1]
Defining
Rn,k},m é Rn,k - qunﬁmgu,s,m|p[n - K”Zflmflga (79)
and using the matrix inversion lemma [8]
A lrxxH AT
A Ay=l A7t = 7~ 80
(A +7xx7) 1+ 7xHA-1x’ (80)
we can write
flkHRT_L,}C[ ]h hHR;k mh bznﬁmgwsmm[n — K] |2
. (81
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Consequently,

‘ﬁgf{;}f[ ] m|2— |hHRnkm ml2

’bgnﬁmgu,s7m‘2’p[n ” |hHR’nkm m’ ‘hHRnkm m’2
|1+b3n6mgu,s,m|p[n_ ]|2hHRnkm m|2
|b2 ﬁmgusmnp[n - ]l |hHR' |2hHRnkmhm

_ o { DmimTes i - . (82)
1 + ﬁmgu,s,mbm’p[n HQhHRn k mh

Since the columns of R;}cm are independent w.r.t both hy, and hy,, we can use [12, Lemma 1]

to show that

1 » b » 1 - a.s.
TR b = SRR ) = 0. (83)

Letting ¢ ,»[n] be defined as in (39), we can write

IR Bf* = NGE ] =25 0. (84)
Also from [12, Lemma 1],
bR B2 TR ) 5 N2 (0] (85)

Using these, aik can be expressed as (37).

(1]

(2]

(3]

(4]

(3]

(6]

(7]

REFERENCES

J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. K. Soong, and J. C. Zhang, “What will 5G be?” IEEE
J. Sel. Areas Commun., vol. 32, no. 6, pp. 10651082, Jun. 2014.

K. Zheng, L. Zhao, J. Mei, B. Shao, W. Xiang, and L. Hanzo, “Survey of large-scale MIMO systems,” IEEE Commn.
Surv. Tut., vol. 17, no. 3, pp. 1738-1760, Third quarter 2015.

E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, “Massive MIMO for next generation wireless systems,” /IEEE
Commun. Mag., vol. 52, no. 2, pp. 186-195, Feb. 2014.

T. Narasimhan and A. Chockalingam, “Channel hardening-exploiting message passing (CHEMP) receiver in large-scale
MIMO systems,” IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 847-860, Oct. 2014.

L. Lu, G. Y. Li, A. L. Swindlehurst, A. Ashikhmin, and R. Zhang, “An overview of massive MIMO: Benefits and
challenges,” IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 742-758, Oct. 2014.

T. L. Marzetta, “Noncooperative cellular wireless with unlimited numbers of base station antennas,” IEEE Trans. Wireless
Commun., vol. 9, no. 11, pp. 3590-3600, Nov. 2010.

T. L. Marzetta, E. G. Larsson, H. Yang, and H. Q. Ngo, Fundamentals of Massive MIMO. Cambridge University Press,
Cambridge, UK, 2016.



(8]

(9]

[10]

(11]

(12]

(13]

[14]

[15]

(16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

30

J. Hoydis, S. ten Brink, and M. Debbah, “Massive MIMO in the UL/DL of cellular networks: How many antennas do we
need?” IEEE J. Sel. Areas Commun., vol. 31, no. 2, pp. 160-171, Feb. 2013.

H. Huh, A. M. Tulino, and G. Caire, “Network MIMO with linear zero-forcing beamforming: Large system analysis, impact
of channel estimation, and reduced-complexity scheduling,” IEEE Trans. Inf. Theory, vol. 58, no. 5, pp. 2911-2934, May
2012.

J. Jose, A. Ashikhmin, T. L. Marzetta, and S. Vishwanath, “Pilot contamination and precoding in multi-cell TDD systems,”
IEEE Trans. Wireless Commun., vol. 10, no. 8, pp. 2640-2651, Aug. 2011.

H. Yin, D. Gesbert, M. Filippou, and Y. Liu, “A coordinated approach to channel estimation in large-scale multiple-antenna
systems,” IEEE J. Sel. Areas Commun., vol. 31, no. 2, pp. 264-273, Feb. 2013.

K. T. Truong and R. W. Heath, “Effects of channel aging in massive MIMO systems,” Journal of Communications and
Networks, vol. 15, no. 4, pp. 338-351, Aug. 2013.

A. K. Papazafeiropoulos, “Impact of general channel aging conditions on the downlink performance of massive MIMO,”
IEEE Trans. Veh. Technol., vol. 66, no. 2, pp. 1428-1444, Feb. 2016.

A. K. Papazafeiropoulos and T. Ratnarajah, “Deterministic equivalent performance analysis of time-varying massive MIMO
systems,” IEEE Trans. Wireless Commun., vol. 14, no. 10, pp. 5795-5809, Oct. 2015.

G. Amarasuriya and H. V. Poor, “Impact of channel aging in multi-way relay networks with massive MIMO,” in Proc.
IEEE Intl. Conf. Commun. (ICC 2015), London, UK, Jun. 2015, pp. 1951-1957.

C. Kong, C. Zhong, A. K. Papazafeiropoulos, M. Matthaiou, and Z. Zhang, “Sum-rate and power scaling of massive MIMO
systems with channel aging,” IEEE Trans. Commun., vol. 63, no. 12, pp. 4879-4893, Dec. 2015.

Q. Bao, H. Wang, Y. Chen, and C. Liu, “Downlink sum-rate and energy efficiency of massive mimo systems with channel
aging,” in Proc. 8th Int. Conf. on Wireless Commun. and Signal Process. (WCSP), Yangzhou, China, Oct. 2016, pp. 1-5.
E. Bjornson, E. G. Larsson, and T. L. Marzetta, “Massive MIMO: Ten myths and one critical question,” I[EEE Commun.
Mag., vol. 54, no. 2, pp. 114-123, Feb. 2016.

H. Rydén, “Massive MIMO in LTE with MRT precoder: Channel aging and throughput analysis in a single-cell deployment,”
Master’s thesis, Linkoping University, Sweden, 2014.

A. Papazafeiropoulos, H. Ngo, and T. Ratnarajah, “Performance of massive MIMO uplink with zero-forcing receivers
under delayed channels,” IEEE Trans. Veh. Technol., vol. 66, no. 4, pp. 3158-3169, Apr. 2017.

J. Choi, D. J. Love, and P. Bidigare, “Downlink training techniques for FDD massive MIMO systems: Open-loop and
closed-loop training with memory,” IEEE J. Sel. Areas Commun., vol. 8, no. 5, pp. 802-814, Oct. 2014.

A. Decurninge, M. Guillaud, and D. T. M. Slock, “Channel covariance estimation in massive MIMO frequency division
duplex systems,” in Proc. IEEE Globecom 2015 Workshops, San Diego, CA, Dec. 2015, pp. 1-6.

Z. Jiang, A. F. Molisch, G. Caire, and Z. Niu, “Achievable rates of FDD massive MIMO systems with spatial channel
correlation,” IEEE Trans. Wireless Commun., vol. 14, no. 5, pp. 2868-2882, May 2015.

R. Chopra, C. R. Murthy, and H. A. Suraweera, “On the throughput of large MIMO beamforming systems with channel
aging,” IEEE Signal Process. Lett., vol. 23, no. 11, pp. 1523-1527, Nov. 2016.

S. Kashyap, C. Mollén, E. Bjornson, and E. G. Larsson, “Performance analysis of TDD massive MIMO with Kalman
channel predication,” in Proc. Intl. Conf. on Acoustics, Speech and Signal Processing (ICASSP 2017), New Orleans, LA,
March 2017, pp. 3554-3558.

F. Rusek, D. Persson, B. K. Lau, E. G. Larsson, T. L. Marzetta, O. Edfors, and F. Tufvesson, “Scaling up MIMO:
Opportunities and challenges with very large arrays,” IEEE Signal Process. Mag., vol. 30, no. 1, pp. 40-60, Jan. 2013.



[27]

(28]

[29]

(30]

(31]

(32]

31

W. C. Jakes and D. C. Cox, Eds., Microwave Mobile Communications, 2nd ed. IEEE Press, New York: IEEE Press,
1994.

M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions with Formulas, Graphs, and Mathematical Tables,
9th ed. New York: Dover, 1964.

B. Hassibi and B. M. Hochwald, “How much training is needed in multiple-antenna wireless links?” IEEE Trans. Inf.
Theory, vol. 49, no. 4, pp. 951-963, Apr. 2003.

R. Couillet and M. Debbah, Random matrix methods for wireless communications, 1st ed. Cambridge University Press,
Cambridge, UK, 2011.

A. Pitarokoilis, S. K. Mohammed, and E. G. Larsson, “Uplink performance of time-reversal mrc in massive MIMO systems
subject to phase noise,” IEEE Trans. Wireless Commun., vol. 14, pp. 711-723, Feb. 2015.

J. Silverstein and Z. Bai, “On the empirical distribution of eigenvalues of a class of large dimensional
random matrices,” Journal of Multivariate Analysis, vol. 54, no. 2, pp. 175 — 192, 1995. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0047259X85710512



