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Partial CSI Acquisition for Size-Constrained Massive
MIMO Systems With User Mobility
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Abstract—We propose a low-complexity approach for the downlink of
physically constrained massive multiple-input multiple-output (MIMO)
systems with user mobility. We examine a channel state information (CSI)
acquisition strategy that exploits both the spatial and temporal correla-
tions among the channels of adjacent base station antennas. The proposed
strategy solely collects CSI for a subset of antennas and time frames. Then
full CSI is approximated using the CSI of adjacent antennas and previ-
ous frames. This critically reduces the CSI acquisition complexity while
sacrificing the CSI quality and, hence, introduces a scalable performance-
complexity tradeoff. The numerical results demonstrate that, for practical
mobile speeds, the proposed scheme reduces the computational complexity
and enhances the energy efficiency of massive MIMO base stations against
systems with complete CSI, while approximately preserving performance.

Index Terms—Massive MIMO, partial CSI, temporal and spatial
correlations, energy efficiency.

1. INTRODUCTION

Massive multiple-input multiple-output (MIMO) has received great
attention thanks to its potential to address the increasing data rate
demands via serving a significant number of users simultaneously [1].
While massive MIMO promotes the use of linear precoding techniques
such as zero forcing, the colossal number of antennas still imposes
significant computational complexity requirements [2], [3]. Moreover,
since these techniques rely on the availability of instantaneous CSI, a
number of channel estimation schemes have been developed to enhance
its acquisition [1], [3], [4].

When employing large antenna arrays in confined physical spaces
with user mobility, both spatial and temporal correlations become de-
terminant for the resulting performance. Recent studies have shown that
these correlations can in fact be exploited. For instance, temporal chan-
nel correlation and the detected data symbols can be leveraged in time
division duplex (TDD) massive MIMO systems to address pilot con-
tamination [5], while the correlation between antennas is employed to
optimize the CSI acquisition stage in frequency division duplex (FDD)
systems [6]. The effect of nonisotropic scattering and user mobility
on channel capacity is studied in [7]. Measured results with moderate
user mobility in a LOS scenario are presented in [8]. Most relevant to
this work, space-constrained antenna deployments are studied in [9],
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Fig. 1. Example CSI distribution pattern for a URA with N; =9, N. = 4.
Colored and white elements represent antennas with and without CSI acquisi-
tion, respectively.

[10]. Similarly, low-complexity strategies to preserve the performance
of space-limited massive MIMO are presented in [11]-[13].

This paper proposes to exploit temporal and spatial correlation
jointly for size-constrained massive MIMO base stations (BSs). Specif-
ically, instantaneous CSI is acquired for a subset of BS antennas and
time frames. For those antennas without CSI, channel estimates are
obtained by exploiting spatial correlation among adjacent antennas.
For those frames without an explicit CSI acquisition phase, the chan-
nel coefficients are estimated from the CSI previously available by
exploiting the channel’s temporal correlation related to user mobility.
This therefore extends the results of [11] where only spatial correlation
is exploited in scenarios without user mobility. Our strategy leads to
reduced complexity for CSI acquisition, at the expense of CSI qual-
ity and the resulting performance. Accordingly, we study the channel
estimation error introduced by the proposed approach with respect to
the perfect and frequent CSI acquisition. Our analysis and simulations
show an overall favourable trade-off for the proposed strategy with
partial CSIL.

II. SYSTEM MODEL AND PARTIAL CSI ACQUISITION

A. Physically Constrained Channel Model

Consider a general massive MIMO system with /N, antennas at
the BS and N, single-antenna users (N; > N,.). The BS antennas are
arranged in a uniform rectangular array (URA) topology. As shown
in Fig. 1, M}, and M, denote the number of antennas deployed hor-
izontally and vertically respectively with N; = M), x M, . The signal
received during downlink transmission at the k-th user is given by [11]

Y = Ve x4+ nyg, (D

where x € CVt*! represents the transmitted symbols from the BS,
h;, € C™*Nt denotes the k-th column of the downlink communication
channel matrix H € CV» >t from the BS to the k-th user, p; denotes
the SNR, and n;, ~ CN(0, 1) is the standard additive white Gaussian
noise. The transmit signal can be further decomposed as x = w - F's,
where s € C¥r*! denotes the conveyed user symbols, F € CNt>*Nr

represents a linear precoding matrix, and w = 1/,/{Tr[FF"]} is a
normalization constant guaranteeing the average transmission power

P, =E {xHx} = 1. In the following we concentrate on zero-forcing
(ZF) precoding for which

F = HY(HH") !, 2)
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where H represents the downlink channel estimate. In this paper,
we consider that the BS has to be deployed in a confined physical
space and assume an impedance matching network that resolves any
mutual coupling effects at the transmitter [14]. Thus, the downlink
propagation channel to k-th user is modeled as [9], [15]

h, =g, Ay, 3

where g, ~ CN(0, Ip, ), D) denotes the number of signal propaga-
tion paths with different angles of departure, and A;, € CP# >Nt s the
transmit steering matrix of the k-th user given by [11], [12]

A, = ﬁk[aT Ok 1,0%1)s--- 2" (O.p, » d.p, )T 4)

Here, 0, ; and ¢ ; represent the azimuth and elevation an-
gles describing the directions of departure respectively. The
steering vectors a for the URA topology adopt the form
(101, [16]

by, dpi) = [17 eI 2mldnsin(og i )sin(0p )]

2 (M4~ sin(o Jsin(0h i)+ (Mo —dsin(op Jeos(0x. D] | (5)

where d;, and d, represent the horizontal and vertical inter-antenna
spacing normalized by the carrier wavelength A respectively. Note
that, receive correlation is not considered, since the inter-user spacing
is significantly greater than A [12].

We further consider a model accounting for the temporal correla-
tion among the channels of adjacent frames with user mobility. Let [
represent the index of the frame sample with CSI collection. In the
following we adopt the autoregressive model AR(1) for temporal cor-
relation studied in [17]. The actual channel for the (I + 1)-th frame
without pilot training stage for CSI acquisition can be expressed as
(171, [18]

H, =pH + /1 -p*E, (0)

where p represents the correlation coefficient computed by the zeroth-
order Bessel function of the first kind p = Jo(27 f;7) with Doppler
spread fq = f. <. Here, f, is the carrier frequency, v is the user
speed and c is the speed of light [17], [19]. Moreover, the rows of
E € CYNr*Nt is expressed as e, = z; Ay, where z;, ~ CN(0, Ip, ) is
uncorrelated with g; [17].

B. Distribution of the CSI Acquisition

The presence of temporal correlation between transmitted frames for
low and moderate user velocities motivates us to consider the probabil-
ity of collecting CSI for only a subset of frames. We employ antenna
activation pattern such as the one studied in detail in [11] to distribute
the CSI. We only consider an elementary example, as shown in Fig. 1
for a model with 3 x 3 URA. Here, the N. = 4 active antennas are
denoted by the shaded elements.

More generally, in this paper, we study a model comprised of Ny
frames. In this system, CSI is acquired in a subset IV, < N,y of these
frames and solely for areduced number N, < N, of antennas. The CSI
distribution pattern in Fig. 1 is employed for IV, frames with CSI. To
avoid repetition, we refer the reader to [11] for a more systematic study
of the antenna activation patterns in the general case.

Let B and C denote the subsets of indices for active and inactive an-
tennas during the CSI acquisition stage respectively [11]. The channel
estimate for active antennas in B is

hy |5 = (\/ 1 —77hy +quk:Ak> ’ ; @)

(8]
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Algorithm 1: Pseudocode of the frame distribution
algorithm.
Inputs: Ny, Ny

Olltpllt: Nactivea Hl

It Nactive = zeros(1, Niogar) (Initialization)

2: [Nyw/N,] = N, < {The largest interval between adjacent
frames with CSI acqusition, which are equally spaced }

3: {First stage: The distribution of the first N, < 0.5No
frames where CSI is acquired }

4: Fori=1:N, : Ny do

5: Naetive(1,7) = 1 «{To equally space the frames to

acquire CSI from the first transmitted frame}

6: end for

7:  { Second stage: When N, > 0.5N,uy, the distribution of the
rest (N, — [0.5N]) frames where CSI is acquired }

8: If N, > 0.5N, then

9: a=2:Ny: Now;
10: forj =1— (N, — [Nw/N,]) do
11: Nacive(1,a(7)) = 1 « { To equally space the rest

(N, — [0.5Noa |) frames with CSI acquisition }
12: end for
13:  endif
14: {15 —21: The channel estimate for each frame }
15: forl =1 — Nyg do

16: if Nyciive(1,1) == 1 then

17: H; — {Channel estimate following Eq.(7) — (8)}
18: else _

19: Hl = H[,l;

20: end if

21: end for

where 7, € [0,1] models the quality of acquired CSI, q; ~
CN(0, Ip, ) is uncorrelated with g, [9], [11]. The CSI of inactive
antennas in C is obtained by averaging the CSI of adjacent active an-
tennas

~ o -~
hy e, = M, ZieMc,, hk:ABf" : 3)

where M, represents the number of antennas with available CSI that
are used to approximate the CSI of a specific antenna C,, . Intuitively,
the CSI of the C, -th antenna is computed through an average of the CSI
from its closest antennas, B . An example of the distribution is shown
in Fig. 1. This approach has been selected for its low computational
complexity, as analyzed in Sec. III-B. Note that (7)—(8) are used to
estimate the channel during N, frames with CSI, while the channel
estimates of other frames are obtained by using the previous CSI. For
completeness, the pseudocode of the frame distribution algorithm with
the computation of estimated channels following (7)—(8) is presented
in Algorithm 1.

III. SYSTEM PERFORMANCE ANALYSIS

A. Channel Estimation Error Under Partial CSI

We concentrate on the channel estimation error introduced by the
proposed strategy in this section. The channel estimation error h; for
the k-th user in a frame duration is given by

h, =h; —hy, ©)

In the following we use the mean square error (MSE) to calculate
the channel estimation error factor of the [-th frame, which is given
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by [11] Here, ¢, = zkAk\[n], where z, A, represents the vectors of E
z E {||ﬁk H%} E {Hhk —hy H%} defined in Sec. II-A. The computation of h;, ,, |5 for active antennas
0, = E {|h; H%} = E {[h, H%} ) (10)  in the I-th frame follows (7). For the second part with the subset C of

According to Sec. II, the distribution of frames with CSI ac-
quisition are defined by Algorithm 1. If the index of the frame
with CSI is [, the indices of following frames without CSI can be
[l + 1,1 + 2,...,14+ m].Inview of the analysis in [11], in this paper,
the channel estimation error factor generated by the proposed strategy
with temporal correlation for the k-th user in the (I 4+ m )-th frame is de-
fined in the following. First, ;. 1™ following (10) can be decomposed as

~l+m

~l4+m
E {21165 ‘hk n |2 + Z’!LEC |hk n ‘ }
= ; an
E{Sy, 0P}

(5],+ m

~l4+m
where h; , is the channel estimation error from the n-th BS antenna
to the k-th user in the (I 4+ m)-th frame. Following the physical
channel model defined in (3), we have E {Z\, Iy |*} = N, and

E {|ﬁk7” |2} = var (ﬁk‘n ). Therefore, in (11), the factors in the first

part involving the subset 5 of active antennas in the [-th frame
referring to (6) can be expressed as

E{l. P} =E {5 -}

1— I+m—1 1— 2
_]E{|pl-¢—m—lhk77 +( P ) 14

e“TI
l—p ks

1_1—1 1= p2/1 =72
_ ! /I_Tk hkn_( PV P Tk

L—p

2
X €k.n 7qukAk|[n]‘ },TLEB, (12)

inactive antennas in (11), the factors introduced by averaging approach
and partial channel estimate can be computed as

l+m 1 o ~l+m
var (hk ) = var hi+r;m - ﬁ hk‘BEI,

i=1

1 — I+m—1 1— 2
— Var(pl+rulhk>n+ ( P . _L Chn
My
2

T Z{ W=7
WAV

+ k.8

1—p i

+qul\‘,Ak|[B;I]:|>7n GC, (13)

M
where % > h;\ Br computes the channel estimate for inactive

antennas in [-th frame with CSI following (7)—(8). Based on the above
expression, the channel estimation error factor for (I 4+ m)-th frame
can be given (14) shown at the top of the page.

In(14),0; = E {h;'h; } = A]'A; is the channel correlation matrix
of k-th user. Meanwhile, B" and M,, denote the indices and the number
of adjacent antennas for CSI computation of n-th antenna respectively.
m can be considered as the index of frame without CSI when [-th
frame with CSI is set to be initial. When m = 0, channel estimation
error factor for the [-th frame with CSI acquisition can be obtained. In
the proposed Ny, -frame model, each frame has its own 6,{,, for k-th
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TABLE I
COMPUTATIONAL COMPLEXITY (FLOPS) AT THE BASE STATION

Communication Phase
CSI acquisition phase
(only for N, frames)
Downlink phase
- Signal generation

Complexity in flops
C" = 8NN, 7 = 8N.N?

Cg = 8A’L‘]\/r”dl
= (24N} + 16N2N,) + N,
+(2N,N, +8N2N;)
[ 8NNyl

- Precoding matrix cd
mv

Uplink phase

user; therefore, the average channel estimation error factor for k-th user
. < N,
is computed as &, = — ;15 &L

N total

B. Complexity Analysis

In this section, the signal processing complexity of the proposed
strategy is studied. The global complexity is computed based on the
three phases of TDD communication system' including CSI acquisi-
tion, downlink transmission and uplink reception following the analysis
in [2], [11].

The complexity for each phase is shown in Table I [2], [11], where
N, Nar and 7y represent the time resources allocated to each phase
respectively. The process of generating the channel estimate from the
received pilot signals determines the complexity C'" during the CSI
acquisition stage [2]. The downlink stage comprising the precoding
matrix and transmit signals generator results in the complexity C¢ =
Cg, + C4. Here, C{ accounts for computing the ZF precoding matrix,
whereas C{ accounts for computing precoded signals obtained via the
strategy studied in [2], [11]. In TDD systems, the uplink detection
matrix can be obtained at no cost due to channel reciprocity, and C"
stands for the operations related to data reception [11].

For the proposed temporally-spatially correlated channel model,
only N, frames perform the pilot correlation process during the CSI
acquisition stage. The remaining frames only implement data transmis-
sion and reception using previous CSI. Therefore, the complexity for
frames where CSI is acquired can be expressed as

Ciow = C" + C* + C. (15)
Instead, for the rest of the frames we have
Cio = C4 + C*. (16)

Accordingly, the average total complexity per frame in the Ny, -frame
model can be expressed as

— 1
Ctmal I — |:Nu ° C[ﬁm] + (Ntotal - Na) ° Cx{,w]] . (17)

N, total

C. Achievable Ergodic Rates and Energy Efficiency

In this section, the effects of partial CSI acquisition on the ergodic
sum rate (spectral efficiency) and energy efficiency of the massive
MIMO system are studied.

1) Ergodic Downlink Sum Rates: The downlink ergodic sum
rates of the communication system for the [-th frame can be defined as

Rium = 1/ eon + B Y5 loga (1 + 1), (18)
where 7)o, is the number of coherence symbols of the channel, and
a1/ Meon Tepresents the proportion of the time allocated to downlink

"While the proposed technique could also be applied to massive MIMO
systems operating in FDD, in the following we focus on the more practical
TDD systems [1].

9019

transmission. B denotes the system bandwidth, and S} = log, (1 + 7})
refers to the spectral efficiency of k-th user in {-th frame. Moreover, 7/,
stands for the associated SINR [11]

w?| E {hffk} |?
o twrvar (W) +w? 30, E{[hjfi 2}

V= (19)

where f), is the k-th column of the precoding matrix defined in
Sec. II-A, which follows (2),(6)—(8) for the examined [-th frame.
Moreover, for the proposed Ny, -frame model, the average spectral
efficiency achievable for each user in each frame can be computed as

g N otal Ny
Sk = %M 1= ]{ﬁ ki1 Sk )
2) Energy Efficiency: The resulting energy efficiency for down-
link transmission in the [-th frame is given as [20]
Rl

sum

, (20)
Pt

€ =

where P, represents the total transmission power consumption and
can be decomposed as [11], [20]

P + Pre + Pgg

P =
ot (l — UDC)(I - UMS)(I - Ucool)

. (21

Here, opc, oms and o0 € (0,1) denote the parameters characterizing
DC-DC loss, power supplies loss and active cooling loss respectively.
Ppa and Pgp represent the power consumed by power amplifiers and
other electronic components in the RF chains respectively. Pgg = p.C'
denotes the power consumption of digital signal processor. Here, p,.
denotes the power consumption per real flop and C' corresponds to
the number of real floating point operations per second determined
by (15)-(16) for frames with and without CSI acquisition, respectively
[11], [20]. Therefore, considering the computational complexity, the
total transmission power consumption following (21) can be further

given by
PA o CA,, for frames with CSI,
Py = R {n ~ I

total

(22)
for frames without CSI.

For the Ny, -frame model, each frame displays different energy effi-
ciency due to varying complexity and channel estimate. The resulting
energy efficiency ¢; for the [-th frame can be re-expressed as

6 {Rim/a:;,
-~
R/ Pl

if the [-th frame is with CSI,

(23)
if the [-th frame is without CSI.

Accordingly, the average energy efficiency per frame in the Ny, -frame

. _ N,
model can be obtained by € = 1 1L e
4V total -

IV. SIMULATION RESULTS

We compare our approach to full CSI based on numerical results, for
ascenario with V; = 144, N, = 12, D, = 50, and varying number of
active antennas V.. [11]. The angle spread of the azimuth and elevation
angles is fixed to be 7/5 and 7 respectively. Imperfect CSI estima-
tion is considered with 7, = 0.1, the inter-antenna spacing is fixed to
d, = d, = 0.3 A, and the total system bandwidth is B = 20 MHz.
The standard LTE frame with a time duration of 10 ms containing 140
OFDM symbols in total (1., = 140) is considered, where 70% sym-
bols are assigned to downlink transmission [11]. We assume that the
channel matrix stays constant for the frame duration with the time inter-
val 7 = 1 ms [17], and consider a carrier frequency of f. = 2.5 GHz.
The total number of LTE frames examined for the temporal correlated
model is Ny = 10. We consider a femtocell scenario for defining the
power consumption parameters in [11].
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The evolution of average channel estimation error factor per user per
frame &;, for varying number of frames with CSIis shown in Fig. 2(a) for
three scenarios with user velocities of 5, 20, and 50 km/h. The results
of this figure corroborate the intuition that the channel estimation error
factor increases with user mobility. Moreover, a close match between
the theoretical error (markers) following (14) and the empirical error
(solid and dashed lines) can be observed. Fig. 2(a) also shows that
in most cases the channel estimation error becomes significant for
N /N < 172 since CSI becomes highly outdated. The average total
complexity per frame following (17) can be observed in Fig. 2(b), for
increasing number NV, of frames with CSI. By employing the proposed
approach, complexity savings can be further achieved when both spatial
and temporal correlations are jointly exploited with smaller number of
active antennas (/NV,.) and frames (/V, ) dedicated to CSI acquisition.

The effect of N, on the average spectral efficiency per user per
frame is shown in Fig. 3(a). The results of this figure show that an
increasing number of frames with CSI is required when the user velocity
increases, which results in diminishing temporal correlation, to reach
the performance obtained when N, = Ny, . Still, for low and moderate
user velocities, close to optimal SE can be obtained with a reduced
N, . The benefits of acquiring CSI for a subset of time frames and
antennas are further highlighted in Fig. 3(b), where the energy effciency
is shown for increasing N,. We note that the EE captures the trade-
off between SE performance and complexity. Fig. 3(b) shows that
reducing the number of frames with CSI can be beneficial to EE for
low and moderate user velocities. Especially, when v = 20 km/h, the
EE of the massive MIMO system considered can be maximized when
N, =~ 0.5Nyu1, while even smaller IV, is optimal for lower mobility.
Clearly, this occurs because the reduced power consumption in the RF
chains compensates for the loss in the achievable data rates.
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V. CONCLUSION

In this correspondence, we have proposed a CSI acquisition model
making use of temporal and spatial correlations for size-constrained
massive MIMO systems with user mobility. We exploit partial CSI
acquisition and obtain significant complexity and power consumption
gains. Our results demonstrate that the proposed scheme can achieve
an energy efficiency enhancement while preserving the performance of
size-constrained massive MIMO systems with complete CSI, especially
for low and moderate user mobility scenarios.
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