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Abstract—Massive multiple-input multiple-output (MIMO) relies on accurate channel estimation for precoding and receiving
to achieve its claimed performance advantages. When serving
vehicular users, the rapid channel aging effect greatly hinders
its advantages, and a careful system design is required to ensure
an efficient use of wireless resources. In this paper, we investigate
this problem for the first time in a non-isotropic scattering
scenario. The von Mises distribution is adopted for the angle of
arrival (AoA), resulting in a tunable channel temporal correlation
coefficient (TCC) model, which can adapt to different AoA
spread conditions through the κ parameter and incorporates the
isotropic Jakes-Clarke model as a special case. The simulated
results in a Manhattan grid-type multi-cell network clearly
demonstrate the impact of channel aging on the uplink spectral
efficiency (SE) performance and moreover, in order to maximize
the area average SE, the size of the transmission block should
be optimally selected according to some linear equations of κ.

I. I NTRODUCTION
Offering high spectral efficiency (SE) and superior robustness to multipath fading channels, massive multiple-input
multiple-output (MIMO) technology is expected to play a central role in future cellular systems. The advantages of massive
MIMO rely significantly on the availability of accurate channel
state information (CSI) at the base stations (BSs) for precoding
and/or combining a large number of signals across the antenna
array. Most of the existing massive MIMO literature adopts the
block-fading channel model, which assumes that the channel
remains unchanged during the data transmission phase in
between two sequential channel trainings [1], [2]. This is a
reasonable approximation when the users have limited mobility. However, most data transmission for the low-mobility
personal users occurs indoors, while on the other hand, datahungry machine type communications, in particular, vehicular
communications, are emerging [3]–[5]. Due to the high-speed
movement of the vehicular users (VUEs), the impact of
channel aging on the actual performance of a massive MIMO
system becomes consequential.
Channel aging refers to the mismatch between the channel
coefficients during the channel estimation and data transmission phases [6]. Since the BSs only have outdated channel
estimation for precoding and combining, performance degradation is inevitable. As an example, it has been observed that

in a typical industrial scenario, a 4 milliseconds delay in CSI
will cause users with moderate mobility (30 km/h) to degrade
performance by up to 50% as compared to users with low
mobility (3 km/h), even if the number of BS antennas is not
that large (32 and 64) [7]. It is therefore of crucial importance
to understand the impact of channel aging on massive MIMO
in a highly dynamic vehicular communication environment
and gain insights that can help improving network design.
We notice that some existing studies have considered the
impact of channel aging on the performance of massive MIMO
systems [6], [8]–[12]. In all these works, however, the JakesClarke model and the equal Doppler shift assumption are
adopted for simplicity. The Jakes-Clarke model assumes an
isotropic scattering environment in which the multipath components arrive from all directions with the same probability.
With these assumptions, the temporal correlation coefficient
(TCC) of the channel is given by the zeroth-order Bessel
function of the first kind [6]. In practical scenarios, however,
multipath components usually come from a limited angle of
arrival (AoA) range and are often concentrated in one direction
[13, Example 7.1]. This has been observed by measurements
for BS with elevated antennas in a wide range of scenarios
[14], [15] and also for mobile devices [16], especially in the
street canyon environment [17, Sect. 7.4]. To the best of our
knowledge, the impact of channel aging on massive MIMO in
such a more realistic non-isotropic scattering environment has
not yet been studied. In this paper, we present our preliminary
results on this issue.
The von Mises distribution is adopted for the probability
density function (PDF) of AoA, which leads to a new channel
TCC model and allows us to study the effect of channel
aging under different AoA spread conditions by turning a
κ parameter. We derive an expression for the uplink (UL)
SE that is achievable in a multi-cell massive MIMO system
with pilot contamination. The minimum mean-squared error
(MMSE) combining vector is also given for the aging channel.
In the Manhattan grid scenario, the impact of channel aging
on the area mean SE performance is studied under different
AoA spread and VUE velocity conditions. The analysis reveals
that the transmission block size has to be carefully selected

to maximize the SE performance of the system. In particular,
the simulated results have shown that the optimal block size
choice is roughly given by a linear equation of κ, whose
parameters depend on the adopted combining strategy and
VUEs’ velocity. Moreover, the isotropic Jakes-Clarke TCC
model leads to overly pessimistic performance predictions and
wrong guidance for the optimal transmission block design,
which will lead to additional channel training costs.
Notations: We use lowercase italic letters, boldface lowercase letters, boldface uppercase letters, and calligraphic letters
to represent scalars, column vectors, matrices, and sets, respectively. (·)∗ , (·)H , (·)† , and k·k denote the conjugate, conjugate
transpose, pseudo-inverse, and Euclidean norm, respectively.
|·| returns the absolute value of a scalar variable and E{·}
is the expectation operation. NC (0, R) stands for the multivariate circularly symmetric complex Gaussian distribution
with correlation matrix R, and Im is the m×m identity matrix.
II. S YSTEM M ODEL
We consider a multi-cell massive MIMO network composed
of L BSs, represented by the set L, and operates according
to a synchronous time-division duplex (TDD) protocol. Each
BS is equipped with M antennas. K single-antenna VUEs,
represented by the set K, transmit in UL on a shared frequency
subcarrier. Therefore, the channels considered in this work
are frequency-flat. Each VUE is associated with a serving
BS following certain rules, e.g., based on the received signal
strength, while a BS serves multiple VUEs. Time is divided
into transmission blocks. The first T symbols in a block are
used for UL pilot sequence transmission for channel training,
and the subsequent D symbols are used for data transmission.
A. Aging Channel Modeling
The spatially correlated Rayleigh fading channel between
VUE k and BS l is denoted using hkl ∈ CM and is modeled
as
hkl ∼ NC (0, βkl Rkl ), k ∈ K, l ∈ L,
(1)
where Rkl ∈ CM ×M is the spatial correlation matrix, describing the correlation characteristics of the channel over
the antenna array at the BS, and βkl is the average channel
gain determined by the large-scale fading terms. Note that
the channel hkl is independent for different (k, l) pairs. Since
the location of the VUE changes in the order of seconds, the
multipath components of the received signal can be considered
unchanged over one block, which lasts several milliseconds
[18]. Accordingly, in this work, βkl Rkl is treated static in one
block and assumed to be available1 .
The widely adopted block-fading channel model assumes
that the channel is time-invariant in a coherence block consisting of Tc coherence time symbols and Bc coherence
bandwidth symbols [1], [2]. Due to the movement of the
VUEs, however, the actual channel will change over time.
1A

small number of time-frequency resources is enough to estimate the
spatial correlation matrix using existing methods such as the regularization
approach [1, Sect. 3.3.3] and the staggered pilot-based method [19].

In this work, we focus on the temporal correlation of the
channel coefficients in a transmission block. Following [11],
the channel vector at the n-th symbol time, denoted using
hkl [n], is modeled as a function of its previous state hkl [n−τ ]
and an innovation component:
hkl [n] = ρkl [τ ]hkl [n − τ ] + ρ̄kl [τ ]zkl [n],

(2)

where ρkl [τ ] is the channel normalized TCC with time lag Ts τ
(Ts stands for the sampling period) computed according to
ρkl [τ ] ,

E{|hH
kl [n − τ ]hkl [n]|}
,
E{hH
kl [n]hkl [n]}

(3)

p
ρ̄kl [τ ] ,
1 − ρ2kl [τ ], and zkl [n] ∼ NC (0, βkl Rkl ) is the
independent innovation component at instant n. Notice that
ρkl [τ ] ∈ [0, 1], and the smaller ρkl [τ ] is, the less correlated
hkl [n] and hkl [n − τ ] are.
We then calculate ρkl [τ ] for the more realistic non-isotropic
scattering propagation scenario, in which the multipath components arrive from a limited AoA interval concentrated around a
central direction. The von Mises distribution [20] is employed
for AoA from VUE k to BS l: Denoting the AoA of a
multipath component by θ, its PDF is given by
p
exp [κ cos (θ − θkl
)]
, θ ∈ [−π, π),
(4)
2πI0 (κ)
Rπ
where I0 (z) = π1 0 cosh(z cos θ)dθ stands for the zerothorder modified Bessel function of the first kind [21, Eq.
p
(9.6.16)], θkl
∈ [−π, π) is the central direction of the AoA
interval, and the width is controlled by the factor κ(> 0).
According to [22], the normalized TCC is calculated by
ρkl [τ ] = Eθ [exp (j2πfkm Ts τ cos θ)], where fkm = vk f /c
is the maximum Doppler shift with velocity vk , and f and
c represent the carrier frequency and the speed of light,
respectively. Using pkl (θ) in (4) and taking expectation with
respect to θ, we have
p

p
κ2 − (2πfkm Ts τ )2 + j4πκ cos (θkl
) fkm Ts τ
I0
ρkl [τ ] =
.
I0 (κ)
(5)
In this work, we refer to (5) as the von Mises TCC model.
For the case of κ = 0, ρkl [τ ] =R J0 (2πfkm Ts τ ) is
π
immediately obtained, where J0 (z) = π1 0 cos(z cos θ)dθ is
zeroth-order Bessel function of the first kind [21, Eq. (9.1.18)],
and (5) reduces to the Jakes-Clarke TCC model based on the
isotropic scattering assumption [6]. With a larger κ, the AoA
interval becomes more concentrated. When κ is not too √
small,
the width of the AoA interval is roughly equal to 2/ κ in
radians [22]. For example, when κ = 3 and 10, the AoA
interval widths are roughly 66◦ and 36◦ , respectively.

pkl (θ) =

B. Uplink Channel Training
During the channel training phase, all VUEs transmit the
pilot sequences, which are randomly assigned among them, to
their serving BSs simultaneously. Recall that T symbols are
reserved for this purpose. Assume that T mutually orthogonal

2

T -length pilot sequences {ϕ1 , . . . , ϕT ∈ CT }, with kϕt k =
T , are adopted [23]. Moreover, K > T is assumed, meaning
that multiple VUEs will be assigned with a same pilot. Denote
the index of the pilot assigned to VUE k to be t(k), and Kt(k)
as the set of VUEs that share ϕt(k) . The interference between
VUEs in Kt(k) causes the so-called pilot contamination [23].
Since T is usually a very small number (T  D), the
channel is treated static during the training phase. The signal
received over the T time instances by the serving BS of VUE
k (assumed to be BS l) is given by
X √
√
pi hil ϕTt(i) + Nl , (6)
Ylp = pk hkl ϕTt(k) +
i∈K\{k}

where pi (> 0) is the transmit power of VUE i, and Nl ∈
CM ×T is the noise matrix with i.i.d. elements ∼ NC 0, σ 2 .
In order to estimate hkl , BS l first cancels the interference
from those VUEs assigned with orthogonal pilots by multiplying the Ylp by the normalized conjugate of ϕt(k) , which leads
p
= √1T Ylp ϕ∗t(k) ∈
to the processed received pilot signal yt(k)l
CM , given explicitly by
X
p
p
p
pi T hil + nt(k)l , (7)
yt(k)l
= pk T hkl +
i∈Kt(k) \{k}
√1
T

Nl ϕ∗t(k)

2



∼ NC 0, σ IM . The MMSE
where nt(k)l =
estimation of the channel vector is given by
p
b kl = pk T βkl R Ψ−1 yp
h
(8)
kl t(k)l t(k)l
P
p
p
with Ψt(k)l = E{yt(k)l (yt(k)l )H } =
i∈Kt(k) pi T βil Ril +
e kl = hkl −h
b kl is uncorrelated
σ 2 IM . The estimation error h
b kl . Moreover, let Φkl = pk T β 2 R Ψ−1 Rkl , h
b kl ∼
with h
kl kl t(k)l
e kl ∼ NC (0, βkl R − Φkl ).
NC (0, Φkl ) and h

selects a receive combining vector vkl [n] ∈ CM for VUE k,
which is applied to the received signal yls [n] to obtain
H
H
x
bk [n] =vkl
[n]yls [n] = vkl
[n]hkl [n]xk [n]
X
H
H
+
vkl [n]hil [n]xi [n] + vkl
[n]wl [n],

(11)

i∈K\{k}

and detects xk [n] from x
bk [n].
III. P ERFORMANCE A NALYSIS
Based on the models developed in the previous section, we
now analyze the UL transmission performance of the multicell massive MIMO network over the aging channels. The
achievable user SE is adopted for performance evaluation.
Following the similar analysis methods as in [11], [12], and
[23], the following result is derived.
Proposition 1. In a multi-cell massive MIMO network, the
achievable UL SE of VUE k over an aging channel (9) is
given by
D
1 X
{log2 (1 + ηk [n])},
(12)
SEk =
C n=1
where C = T + D and ηk [n] is the instantaneous effective
signal-to-interference-and-noise ratio (SINR) of the n-th data
symbol, given by
H
b kl [0]
pk ρ2kl [n] vkl
[n]h

ηk [n] =

H [n]h
b il [0]
pi ρ2il [n] vkl

P

2

2

H [n]Q v [n]
+ vkl
kl kl

i∈K\{k}

(13)
with
Qkl =

kl

X

pi Eil + σ 2 IM .

(14)

i∈K

C. Uplink Data Transmission
During the UL data transmission phase, the estimated chanb kl given by (8) and the von Mises TCC model given
nel h
by (5) are used to calculate the effective channel vectors. To
b kl , which is obtained at the end of the training
be precise, h
phase, is used for the initial channel vector hkl [0], and the
channel vector over which the n-th data symbol is transmitted,
n = 1, ..., D, is modeled as

Proof. Substituting (9) into (11), we obtain
H
b kl [0]xk [n] +
x
bk [n] = ρkl [n]vkl
[n]h
{z
}
|
desired signal

INk [n]
| {z }

,

(15)

interference plus noise

where the interference plus noise term is given by
X
H
b il [0]xi [n]
INk [n] =
ρil [n]vkl
[n]h
i∈K\{k}

hkl [n] = ρkl [n]hkl [0] + ρ̄kl [n]zkl [n]
b kl [0] + h
e kl [0]) + ρ̄kl [n]zkl [n]
= ρkl [n](h
b kl [0] + ẽkl [n],
= ρkl [n]h

+

X

H
H
vkl
[n]ẽil [n]xi [n] + vkl
[n]wl [n].

(16)

i∈K

(9)

e kl [0] + ρ̄kl [n]zkl [n], distributed folwhere ẽkl [n] = ρkl [n]h
lowing NC (0, Ekl ) with Ekl = βkl Rkl − ρ2kl [n]Φkl , is the
b kl [0].
accumulative error and is mutually independent of h
Since all VUEs transmit their data simultaneously, the
received signal at BS l at symbol n, is given by
X
yls [n] = hkl [n]xk [n] +
hil [n]xi [n] + wl [n], (10)
i∈K\{k}

where xi [n] ∼ NC (0, pi ) is the
 signal transmitted from VUE
i, and wl [n] ∼ NC 0, σ 2 IM is the dependent noise. BS l

The processed signal in (15) can be treated as a discrete memoryless interference channel with a random channel response
H
b kl [0]. After some algebraic operations, we calculate the
vkl
[n]h
desired signal power and the interference plus noise power and
obtain (13). The details are omitted here to save space.
We would like to note that comparing to the existing works
such as [6], [11], in which the channel TCC was assumed to be
the same for all users, equation (13) gives us the flexibility to
study channel aging in a wide range of scenarios. In particular,
one can specify any heterogeneous AoA intervals for different
users, which can be done, for example, according to the

MR
b kl [0].
vkl
[n] = h

Corollary 1. The SINR in (13) is maximized by the MMSE
combining vector given in the following:
!†
X
b il [0]h
b H [0] + Qkl h
b kl [0].
vMMSE [n] = pk
pi ρ2 [n]h
il

Lane width: 3.5 m

Road grid (cell)

 klp
BS l

VUE k

(17)

MR combining maximizes the power of the desired signal but
is prone to interference from signals from the non-orthogonal
channels, which is the case in most practical situations. To
maximize the instantaneous SINR, the BS can adopt the
MMSE combining strategy. We note that the SINR in (13)
has the form of a generalized Rayleigh quotient.

kl

Street width: 20 m

Sidewalk width: 3 m

433 m

standardized channel models or based on the actual positions
and motions of the users in a network setting. We will adopt
the latter approach in our simulations in Sect. IV. We would
also like to note that by letting ρkl [n] = 1 for all k, l, and
n, equation (13) reduces to the instantaneous SINR with the
block-fading channel model that assumes no aging effect, and
(12) also gives the achievable UL SE in this setting.
The maximum ratio (MR) combining scheme could be
adopted at the BS, using the following combining vector:

il

i∈K

(18)
Proof. It follows from [23, Eq. (40)] since (18) minimizes
2 b
the mean-squared error MSE = E{|xk [n] − x
bk [n]| |{h
il [0]}},
which is the conditional MSE between the data signal xk [n]
and the received signal x
bk [n] in (11) given the channel
estimates.
We need to emphasize that owing to the TCC term, it is
generally infeasible to derive (13) further into closed-form
expressions. However, the SINRs can be easily computed
using the Monte Carlo method for any given vkl [n].

250 m

Fig. 1. Schematic diagram of the simulation scenarios with two cells.
Table I
S IMULATION PARAMETERS
Parameter

Value

Parameter

Value

Cell number L
Sidewalk width
Lane width
Power pk , k ∈ K2
Velocity vk , k ∈ K
Antenna number M
Antenna spacing
Sampling period Ts

16
3m
3.5 m
0.1 W
60 km/h
100
0.075 m
0.01 ms

Road grid size
Street width
VUE density
VUE antenna height
BS antenna height
Carrier frequency
Number of pilot T
Noise power density

250 m × 433 m
20 m
12 VUE/km/lane1
1.5 m
25 m
2 GHz
20
−174 dBm/Hz

1
2

The average inter-VUE gap in each lane is 2.5 sec × v [24, Table A.1.21], leading to an average number of 31 VUEs in each cell/grid.
Means that all VUEs use the same value.

time duration of a transmission block. C will be called the
transmission block size in this section.
The following area average SE metric (in bit/s/Hz) is
adopted:
X
ASE =
SEk /L,
(19)
k∈K

IV. N UMERICAL R ESULTS AND D ISCUSSION
A Manhattan grid scenario is set following 3GPP TR 36.885
[24] for the simulation, and a wrap-around is applied to mimic
a large network deployment. In the center of each road grid,
a BS employing a uniform linear array (ULA) is deployed, as
shown in Fig. 1. VUEs are dropped on the lanes following a
Poisson line process. Following [25], the average channel gain
(in dB) is modeled as βkl = −34.53 − 38log10 (dkl ) + Xkl ,
where dkl is the distance between antennas of VUE k and
BS l, and Xkl ∼ N (0, 10) is the lognormal shadow fading.
The correlation matrix Rkl is calculated following the local
scattering model [1, Sect. II], and the actual azimuth angle
determined by the locations of a VUE is adopted for the
p
central angle θkl
of the AoA range, as shown in Fig. 1. The
default parameter settings are given in Table I. The coherent
bandwidth Bc = 1/ (2Td ) [13, Eq. (2.48)] is adopted, where
Td stands for the delay spread. In the simulations, Td = 5 µs
is chosen, which corresponds to 1.5 km path differences and
leads to Bc = 100 kHz. The total number of symbols in a
transmission block is given by C = Bc Ttb , where Ttb is the

which represents the average total SE obtained in each cell/grid
in the simulated multi-cell scenario. If the channel does not
age at all, one should make Ttb (or C) as large as possible.
However, as the channel ages, the actual channel coefficient
for data transmissions and the estimated channel coefficient
becomes less and less correlated with time, resulting in a
decline in the instantaneous SINR for the data symbols in a
transmission block. When the channel ages to a certain extent,
it becomes beneficial to perform channel training again at
the cost of the T symbols. Accordingly, one may expect the
existence of an optimal block length that maximizes the ASE
performance.
In Fig. 2, the ASE curves are plotted against C under three
settings: 1) a non-isotropic scattering scenario with κ = 2.8
for the von Mises TCC model, which equivalents a 68◦ AoA
spread (see Sect. II-A and [25, Table 5.1] for the calculation);
2) the isotropic scattering scenario given by letting κ = 0, in
which case, the von Mises TCC model reduces to the JakesClarke TCC model; and 3) no channel aging, indicated using
ρ = 1. Both MR and MMSE combining are evaluated. The re-
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Fig. 2. The ASE performances of MR and MMSE combining with different
choices of transmission block size C in different channel aging scenarios.

sults clearly show that the non-aging assumption overestimates
the performance of massive MIMO greatly and leads to false
ASE trends. When channel aging is considered, there exists
an optimal choice Copt for the transmission block size, which
depends on both κ and the combining method adopted by the
BS. In particular, with MMSE combining, ASE is maximized
when C ≈ 150 (Ttb ≈ 1.5 ms) in the non-isotropic scattering
setting (κ = 2.8), while in the isotropic scattering setting, the
maximum ASE is achieved when C ≈ 100 (Ttb ≈ 1 ms). This
means that if the Jakes-Clarke TCC model is misused for a
non-isotropic scattering scenario, it will not only lead to an
overly pessimistic performance prediction but also suggest a
rather small transmission block, causing performance loss and
unnecessarily high channel training cost eventually.
We also note that the channel TCC equals approximately to
0.8 at the end of a transmission block by setting C = 300
(Ttb = 3 ms) following the von Mises TCC model with
κ = 2.8. The 20% decorrelation criterion is often adopted
to determine the transmission block length, which, however,
causes huge gaps as compared with the optimal ASE performances, as Fig. 2 clearly shows.
Fig. 3 presents the ASE heat maps for both MR and MMSE
combining with channel aging for the range of κ ∈ [0, 10]
and C ∈ [50, 400]. The contour lines are also plotted. Note
that the AoA spread increases from about 36◦ to 360◦ as
κ decreases from 10 to 0. The following observations are
made: Firstly, when fixing C to be a certain value, the absolute value of ASE achieved by MMSE combining degrades
faster than that by MR combining, with the decreasing of
κ. This means that although MMSE outperforms MR in all
situations, the performance gain shrinks as κ gets smaller.
Secondly, it is interesting to observe that Copt is roughly
given by a linear equation of κ for both MMSE and MR
combining. In particular, the empirical equations under the
simulation setting are CMR,opt (κ) = 16.48κ + 113 for MR
and CMMSE,opt (κ) = 13.29κ+95 for MMSE. They show that
when MMSE combining is adopted, a smaller transmission
block size optimizes the ASE performance, as compared with
the MR combining. In scenarios with very small κ, however,

(a) MR combining

(b) MMSE combining
Fig. 3. The ASE heat map and contour lines as a function of κ and C.

CMR,opt and CMMSE,opt are closer.
In all the above simulations, the VUE velocity v (VUE
subscript omitted) is set to be a same value for all VUEs, but
it is also clear from (5) that channel aging is also affected by
velocity through fkm . Therefore, considering the same setting
as in Fig. 2, we show in Fig. 4 the simulated ASE results
against v, with a fixed C = 300. The simulated results
provide clear evidence that ASE will not change under the
non-aging setting, but in aging scenarios, an increasing v will
degrade the ASE performance. The results also show that
the decrease in ASE is greater under the isotropic scattering
scenario (κ = 0), and in addition, the decreasing rate is
nonlinear with v. The nonlinearity can be seen most clearly
with the isotropic scattering setting. We can thus infer that the
choice of Copt shall depend also on the average VUE velocity.
V. C ONCLUSIONS AND F UTURE W ORKS
In this paper, we have studied the impact of channel
aging on UL SE performance in a multi-cell massive MIMO
vehicular network in non-isotropic scattering scenarios. The
von Mises distribution has been adopted for AoA modeling,
which leads to a tunable channel TCC model adjusted by a
parameter κ, and allows for finer-grained studies within and
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Fig. 4. The ASE performances of MR and MMSE combining with different
VUE velocities v in different channel aging scenarios.

between different AoA spread conditions. We have focused on
the impact of transmission block size C and VUE velocity v
on the area mean SE metric under different κ conditions. The
simulated results in a Manhattan grid scenario have shown
that under different AoA spread conditions, there are different
optimal choices for C, which depends also on the combining
strategies adopted at the BSs and the VUEs’ velocity. In
particular, when the velocity level is fixed, Copt is empirically
given by two linear equations of κ for MMSE and MR
combining. The results emphasize the importance of accurate
channel aging models that fit the actual scattering conditions
in providing correct guidance to the design and operation of
massive MIMO systems.
Owing to space limitation, we leave the optimal design of C
considering both κ and v to future work. We also leave other
related issues to future work, such as spatial correlation, pilot
overhead, power allocation, etc. The impact of channel aging
on the downlink and the influence of a heterogeneous nonisotropic scattering environment will be further investigated.
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