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Abstract
We study the problem of optimizing the frame structure of a massive MIMO system under 
channel aging. We argue that the conventional TDD frame structure with lumped train-
ing is suboptimal under rapidly aging channels. We, therefore discuss a generalized frame 
structure allowing for the training of a fraction of the total number of users, with the con-
ventional lumped and interspersed training frames as its special cases. We then derive the 
achievable uplink and downlink rates for this system, incorporating the cost for switching 
from uplink to downlink and vice versa. The analysis, and the subsequent numerical results 
clearly bring out the dependence of the rates achievable in a massive MIMO system on the 
choice of the frame structure.
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1 Introduction

The use of a large number of antennas in multiuser multiple input multiple output  (MU 
MIMO) systems, popularly known as massive MIMO systems, results in quasi orthogonal-
ity among the channels for different users. This phenomenon, known as channel hardening, 
further results in simplified precoder and receiver structures [1], and increased spectral and 
energy efficiencies [2–5]. These advantages make massive MIMO a front runner technol-
ogy for next generation wireless communication systems. Since these benefits of massive 
MIMO are based on the quasi orthogonality among the channels for different users, their 
dependence on the quality of the channel state information (CSI) at the base station is high. 
However, the CSI acquired by the base station may be inaccurate due to the presence of 
additive noise in channel estimation [6], pilot contamination [7] and channel aging [8]. In 
this paper we discuss the choice of an optimal time division duplexed (TDD) frame struc-
ture for a single cell massive MIMO system under channel aging.

Channel aging refers to the difference in the actual channel state at the time of data 
transmission, and the channel state estimate acquired at the base station during train-
ing [8–11]. The phenomenon of channel aging is mainly attributed to user mobility [8] and 
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phase noise at the users and the BS [11]. The continuously evolving nature of the channel 
implies that the accuracy of the available CSI, and consequently the system performance 
worsens as the time gap between training and transmission increases. This also implies that 
the effects of aging become more pronounced in large dimension systems, requiring longer 
training intervals, further resulting in smaller transmission duty cycles [12]. Recent studies 
have shown that the inherent advantages of massive MIMO such as precoder and combiner 
simplicity, and power scaling remain unaffected by channel aging. However, aging limits 
the number of users being served, and even the number of usable base station antennas in 
an frequency division duplexed (FDD) system [13].

The question of optimal training schemes for aging channels has been addressed 
recently, and it has been argued that the temporal correlation of the channel allows for the 
use of adaptive filtering techniques, such as Kalman filtering [14–16] for channel tracking. 
It was also argued in [16] that the conventional lumped training based frame structure may 
lead to unfair uplink rate distributions among users despite power control, and interspersed 
frames lead to a fairer distributions of rates among the users.

In this paper, we address the problem of the selection of an optimal frame structure for a 
TDD massive MIMO system. For this purpose, we consider a generalized frame structure, 
formed by stacking multiple smaller, variable length service blocks, each of which consists 
of training, uplink transmission, and downlink transmission sub-blocks. In such a case, the 
question of the choice of an optimal frame structure reduces to the selection of appropri-
ate service frame durations. We also incorporate the effects of switching from uplink to 
downlink transmission, and vice-versa, in terms of an equivalent switching cost [17], thus 
potentially taxing the schemes that require a large amount of switching from one mode to 
the other.

Our main contributions are as follows:

• We derive the achievable uplink and downlink rates of a massive MIMO system with 
the generalized frame structure incorporating the costs of switching between uplink and 
downlink. See Sect. 3

• Via extensive numerical simulations, we characterize the behavior of the achievable 
downlink and uplink rates in terms of the frame structure being employed. See Sect. 4.

The key finding of this work is that the achievable throughput in a massive MIMO system 
depends heavily on the frame structure being used, and it is suboptimal to train all the users 
at once, even in the presence of high switching costs. Also, the optimal frame duration as 
well as the fraction of users to be trained per frame is a function of both the number of 
users and the user mobilities. This leads to the proposed flexible frame structure yield-
ing higher throughputs, in comparison to the more conventional lumped or interspersed 
frames. In the next section, we discuss the system model for this work.

2  System Model

We consider a single cell system comprising a base station with N antennas, serving 
K(< N) single antenna mobile users, as depicted in Fig.  1. We assume the channels 
between the BS and the users to be reciprocal  [2], and the system to operate in TDD 
mode. Each frame consists of multiple service blocks, as also shown in Fig.  1. Each 
block further consists of three sub blocks, viz. training, uplink transmission, and 
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downlink transmission. During the training sub-block, L out of the K users are sched-
uled for training, and transmit L orthogonal training symbols to the base station over L 
channel uses. The base station uses these training symbols to update the available chan-
nel estimates for these L users. Following this, all the K users share their uplink data 
during the next �L channel uses, decoded by the BS using the available channel esti-
mates. The BS and the K users then switch from uplink transmission to downlink trans-
mission, incurring a fixed cost equivalent to c channel uses. The system then operates in 
the downlink mode for the next �L channel uses. During this time, the base station 
transmits K appropriately precoded independent data streams to the K users. At the end 
of each service block, the system again switches from downlink to uplink transmission, 
incurring a cost equivalent to c channel uses. The overall average duration of one frame, 
T can therefore be expressed as T = (1 + � + �)K + 2

(
K

L

)
c, and that of one service 

block can be expressed as TL = (1 + � + �)L + 2c . This frame structure reduces to a 
lumped training frame for L = K , and an interspersed training frame for L = 1.

The channel between the ith BS antenna and the kth user is assumed to evolve with 
time due to user mobility and phase noise [11], and is modeled at the nth instant as √
�
k
hik[n] , with �k as the path loss component, and hik[n] as the fast fading component 

modeled as a zero mean circularly symmetric complex Gaussian  (ZMCSCG) random 
variable  (rv) with unit variance, denoted as CN(0, 1) . We assume that the relative dis-
tance between the BS antennas is much smaller as compared to the distance between the 
BS and the users, and consequently, �k remains same across all the base station anten-
nas. Letting � ≜ [�1,… , �K]

T , the channel matrix between the BS and the users at the 
nth instant can be expressed as �[n]diag(

√
�) , with �[n] ∈ ℂ

N×K , and its (ik)th entry 
representing the ZMCSCG channel between the ith BS antenna and the kth user. The 

Fig. 1  The system model
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channel evolution is modeled as a linear combination of its initial state and an innova-
tion component as [8, 18]

with zik[n] ∼ CN(0, 1) being the innovation component, and 0 ≤ �[n] ≤ 1 such that 
�[�] = E[hik[m]h

∗
ik
[m − �]] . Also, for any variable x, x̄ ≜

√
1 − �x�2 . The channel innova-

tion processes, zik[n] is not white, and is assumed to be stationary in the wide sense. By 
convention, it is assumed that the channel evolves according to the Jakes’ model [8, 19], 
and the channel correlation coefficient, �[n] is modeled as �[n] = J0(2�fdTsn) , where fd is 
the Doppler frequency, Ts is the sampling period, and J0(⋅) is the Bessel function of the first 
kind and zeroth order [20, Eq. (9.1.18)].

We assume that the channel estimates at the BS are acquired and updated using a 
Kalman filtering based technique  [14–16]. We denote the set of channel indices 
being used for training in the mth frame by Im , the training instant for the kth user as 
tk,m ∈ Im , the estimate of the channel vector between the BS and the kth user obtained at 
tk,m as �̂k,m , and the mean squared channel estimation error for �̂k,m as �k,m . It can then be 
shown that the channel �k[n] can be expressed in terms of �̂k,m as [16]

with 𝜓k,m[n] ≜ |𝜌[n − tk,m]|𝜓k,m + |�̄�[n − tk,m]|2, and �̃k,m[n] being the zero mean channel 
estimation error uncorrelated with �̂k,m . We do not list the Kalman filter update equations 
for the sake of brevity. However, it is easy to show that �k,m is upper bounded as 
�k,m ≤

N0

�kEp,k+N0

 with Ep,k being the pilot power for the kth user. We next use this bound to 
obtain achievable uplink and downlink rates for the proposed system.

3  Achievable Uplink and Downlink Rates

In this section, we derive the achievable uplink and downlink rates for the given system 
assuming maximal ratio combining  (MRC) in the uplink, and matched filter precod-
ing (MFP) in the downlink. During the uplink sub-frame, all the K users simultaneously 
transmit their signals to the base station, such that the received signal at the nth instant 
is given as [13],

where sk[n] is the symbol being transmitted by the kth user at the nth instant, and Es,u,k is 
the uplink signal power of the kth user. It has been argued in the literature [2], that chan-
nel hardening results in the elimination of fast fading effects, thus making the effective 
downlink channel coefficient proportional to the slow fading coefficient �k . Therefore, 
recent works [2, 13] advocate the use of channel inversion based power control in massive 
MIMO, such that �kEs,u,k = Es,u , and �kEp,k = Ep,

Using the most recent channel estimate for the kth user’s channel, �̂k,m , for combin-
ing, the combined signal at the base station can be expanded as

(1)hik[n] = 𝜌[n]hik[0] + �̄�[n]zik[n]

(2)�k[n] = (1 − 𝜓k,m[n])
(1∕2)�̂k,m + 𝜓

(1∕2)

k,m
[n]�̃k,m[n],

(3)�[n] =

K�

k=1

�
�kEs,u,k�k[n]su,k +

√
N0�[n],
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In the above, the first term corresponds to the desired signal, the second to the interference 
due to the difference between the true uplink channel, and its mean value considered at the 
BS, the third to the self interference due to the estimation error at the BS, the fourth to the 
inter user interference, and the last to the additive noise. It has been argued in [21] that in 
the worst case, all the interference terms can be treated as AWGN. Treating interference as 
noise, assuming channel inversion based uplink pilot and uplink/downlink data power con-
trol [2, 13] the uplink SINR for the kth user can be obtained via the use and forget bounds 
detailed in [2] as

Since (1 − �k,m[n]) can be lower bounded as |�[n − tk,m]|2
Ep

Ep+N0

 , and defining 

�u[0] =
NEpEs

(Ep+N0)(K+N0)
 , we can lower bound the per user achievable uplink rate as

where Tu is the set of time indices during which uplink data is transmitted, and is defined 
as Tu = {mTL + L + 1,… ,mTL + (� + 1)L} , m ∈ ℤ. This can be maximized by maximiz-
ing �u[0] in terms of the pilot and signal powers, with a constraint on the per user average 
received power [12].

Similarly, defining the set of time indices for downlink transmission, Td , as 
Td = {mTL + (� + 1)L + c + 1,… , (m + 1)TL − c} m ∈ ℤ. The downlink signal transmit-
ted by the BS at the nth ( n ∈ Td ) instant is

with Ed,s,k being the transmit power allocated to the kth user, and � being the power normal-
ization factor at the BS. The power normalization factor � used to restrict the total transmit-
ted power by the BS, such that [2],

(4)

vk[n] = (1 − 𝜓k,m[n])
1∕2

�
𝛽kEs,u,kE

�
�̂H
k,m

�̂k,m

�
su,k[n]

+ (1 − 𝜓k,m[n])
1∕2

�
𝛽kEs,u,k

�
E
�
�̂H
k,m

�̂k,m

�
− �̂H

k,m
�̂k,m

�
su,k[n]

+
�

𝜓k,m[n]𝛽kEs,u,k�̂
�
�,�

�̃�,�[n]su,k[n]

+

K�

l = 1

l ≠ k

�
𝛽lEs,u,l�̂

�
�,�

��[n]su,l[n] +
√
N0�̂

H
�,�

�[n].

(5)�u,k[n] =
N(1 − �k,m[n])

K +
N0

Es,u

.

(6)Ru ≤
∑

n∈Tu

log2(1 + |�[n − tk,m]|2�u[0]).

(7)�[n] = 𝜆

K∑

k=1

�̂∗
k,m

[n]
√

Ed,s,ksk[n]

(8)𝜆2 =
Et

E
[
Tr
{
�̂Hdiag(Ed)�̂

}] ,
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where Et is the total power radiated by the BS, and the vector Ed is defined as 
Ed ≜ [Ed,s,1,… ,Ed,s,K] . Using channel hardening arguments [22], it is easy to show that � 
reduces to,

Defining, Fs,d,k ≜
Et∑K

l=1
Es,d,l

 , the signal received at the kth user at the nth instant, rk[n] , can be 
expanded in the form

In the above, the first term corresponds to the desired signal, the second to the interference 
due to the difference between the true effective downlink channel and its mean, the third to 
the interference due to the estimation error of the true channel vector at the BS, the fourth 
to the inter user interference, and the last to the AWGN. Again employing use and forget 
analysis from  [2], and upper bounding the channel estimation error as �k,m =

N0

Ep+N0

 , the 
effective SINR for the kth user at the nth instant can be reduced to 
�d,k[n] = |�[n − tk,m]|2�d,k[0] where

Further, the achievable downlink rate of the kth user is obtained as

Now, based on the frame structure, it can be observed that the channels available for the 
downlink will, in general be aged more as compared to the channels available for uplink. 
This is in order to facilitate communication for the battery powered users, as opposed to 
the centrally powered base station. Also, by virtue of the frame structure, the number of 
‘less aged’ channel slots available for uplink transmission will be an increasing function of 
L, and therefore the achievable uplink rate will be maximized for L = K . However, no such 
observation can be made about the achievable down-link rates. Therefore, in the next sec-
tion, we numerically evaluate the achievable downlink rates, and optimize these in terms 
of L.

(9)�2 =
Et

N
∑K

l=1
Es,d,l

.

(10)

rk[n] =

�

(1 − 𝜓k,m[n])𝛽k
Fs,d,k

N
E
�
�̂T
k,m

�̂∗
k,m

�
sk[n]

+

�

(1 − 𝜓k,m[n])𝛽k
Fs,d,k

N

�
�̂T
k,m

�̂∗
k,m

− E
�
�̂T
k,m

�̂∗
k,m

��
sk[n]

+

�
𝛽kFs,d,k

N
𝜓k,m[n]�̃

T
k,m

[n]�̂∗
k,m

sk[n]

+

K�

l = 1

l ≠ k

�
𝛽kFs,d,l

N
�T
k
[n]�̂∗

l,m
sl[n] +

√
N0wk[n].

(11)�d,k[0] =

N�kFs,d,k

Ep

Ep+N0

�k
∑K

l=1
Fs,d,l + N0

.

(12)Rd,k =
∑

n∈Td

log2(1 + �d,k[n]).
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4  Numerical Results

For the purpose of these experiments, we consider a single cell massive MIMO system 
containing a 1000  (N) antenna base station, transmitting at a carrier frequency  ( fc ) of 2 
GHz. We assume that the BS serves a maximum of K = 200 users, uniformly distributed 
over a circular cell with radius 5 km. The reference distance (d0 ) in this case is assumed to 
be 1 km, and the path loss coefficient (�k ) for the kth user, located at a distance dk from the 
B.S. is calculated as

with � being the propagation constant. In this setup we assume � = 4 . Also, similar to other 
past works on channel agingin massive MIMO systems [9, 11, 13], we consider a narrow-
band channel, with a signal bandwidth of 1 MHz. We assume that the base station samples 
at the Nyquist rate of the complex baseband signal, i.e., at 1 MHz.

Figure  2 plots the achievable downlink rates against the fraction L
K

 for different user 
velocities and for different values of � = � = a with no switching cost, i.e. for c = 0 . It can 
be observed that at low user mobilities the achievable uplink rates are independent of the 
chosen value of L; however, the achievable rate becomes highly sensitive to the choice of 
L. It is also observed that longer frame durations are preferable for scenarios with low user 
mobilities, and vice versa, which is in accordance with intuition. It is also clear that the 
optimal value of L depends on the overall frame length, as well as the user mobility, and 
needs to be determined numerically.

In Figs. 3 and 4, we plot the achievable uplink rates against the number of users (K) for 
different user mobilities for � = � = 2 . In these figures we also compare the achievable 
rates for lumped, and interspersed training schemes against the schemes corresponding to 
the optimal value of the parameter L for different switching costs. It is observed that for a 

(13)�k =

(
dk

d0

)−�

,
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Fig. 2  Achievable per user rates at different user mobilities for different frame durations and different val-
ues of L 
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large number of users at high user mobilities, it is preferable to use interspersed training 
as compared to lumped training when no switching cost is involved, which is as per the 
expectations. However, lumped training is preferable when the switching cost is high.

In Fig. 5 we plot the achievable per user uplink rates for different cases against the num-
ber of users at a user velocity of 150 km/h. As discussed earlier, the uplink rates are maxi-
mized for L = K . However, the choice of a value of L, optimized for downlink transmission 
does not affect the achievable uplink rates significantly for either c = 0 , or c = 1.

In Table  1, we tabulate the percentage gains achieved by using the proposed frame 
structure over the conventional lumped frame structure for 200 users and different switch-
ing costs for different user velocities. It is observed that the performance of a massive 
MIMO system can be increased by as much as 38% by using the proposed frame structure 
instead of the more conventional lumped structure. It is also observed that the impact of an 
increased switching cost on these gains is minimal.

Fig. 3  Achievable downlink rates 
for different numbers of users 
under different mobilities with no 
switching cost (c = 0)
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Fig. 4  Achievable downlink rates 
for different numbers of users 
under different mobilities with 
c = 1
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5  Conclusions

In this paper, we considered a generalized frame structure for TDD massive MIMO sys-
tems. It was argued that the more traditional interspersed and lumped frame structures 
are special cases of the proposed frame. We derived bounds on the achievable uplink and 
downlink rates considering MRC and MFP respectively. Finally, using numerical results, 
we illustrated that, in general, the achievable downlink rates depend on the number of 
users being trained per service block, and the length of a service block. It was also shown 
that the proposed block structure can be used to fine tune these parameters to optimize the 
frame rates for given channel and mobility conditions, resulting in a gain of more than 35% 
under high user mobilities.
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