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Abstract—Cell-free massive multiple-input multiple-output (MIMO) is
a promising network to offer huge improvement of the achievable rate
compared with conventional cellular massive MIMO systems. However, the
commonly adopted Shannon-type achievable rate is only valid in the long
block length regime that is not applicable to the emerging short-packet
communication. To realize ultra-reliable and low-latency communication
(URLLC) in cell-free massive MIMO systems, we optimize the precoding
vector at the access points (APs) to maximize the minimum user rate in both
the centralized and decentralized fashion. The design takes into account
the impact of URLLC and we propose path-following algorithms (PFA) to
address the considered problem which generates a sequence of advanced
feasible points and converges to at least a locally optimal solution of the
design problem. Moreover, we investigate the requirement of the precoding
schemes, the length of the transmission duration, the number of antennas
equipped at each AP, and the size of each AP cluster on the URLLC rate.
Numerical results show that the decentralized PFA precoding can achieve
80% of the 95%-likely URLLC rate of the centralized precoding and 89 %
of the average URLLC rate with only 12% computational complexity of the
centralized precoding.

Index Terms—Cell-free massive MIMO, nonconvex optimization,
precoding, URLLC.

I. INTRODUCTION

Ultra-reliable and low-latency communication (URLLC) is one of
the generic applications required to be covered in the fifth-generation
(5 G) [1], [2], [3]. As aresult, it has been attracted significant interests
since it enables several innovative usages, especially in industrial
production, such as remote heavy industrial machines operation and
factory automation [4], [5]. However, compared with conventional
communication systems, the achievable rate under URLLC is quite
different since short blocklength is adopted to shorten the latency such
that the classical Shannon-sense capacity no longer holds. Specifi-
cally, the URLLC rate is a complicated function of the transmission
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power, the precoding vector, the bandwidth, the transmission time,
and the decoding error probability [6]. Indeed, guaranteeing URLLC
represents unique challenges to resource allocation design due to the
non-convexity introduced by the finite blocklength. In the literature,
much attention has been devoted to designing effective resource al-
location algorithms that support URLLC [7], [8], [9]. However, the
systems considered in these works are all cellular networks and their
performance is known to be limited by severe inter-cell interference.

Cell-free massive multiple-input multiple-output (MIMO) architec-
ture is a new promising solution to overcome the issue discussed
above [10], [11], [12], [13]. It reaps the advantages of massive MIMO
and network MIMO, since massive distributed access points (APs)
facilitate coherent signal transmission to serve all the users without any
cell boundaries [14], [15], [16]. However, current literature focuses
on the resource allocation in cell-free massive MIMO systems for
URLLC is still limited. For example, in [17], the authors applied the
path-following algorithm (PFA) for optimizing the power allocation
with a special class of conjugate beamforming to maximize the users’
minimum URLLC rate and the energy efficiency. However, an adaptive
and optimized precoding design at the APs is generally more effective
that the fixed one. Besides, in [18], the upper bounds of the uplink and
downlink decoding error probabilities (DEPs) were derived by using the
saddlepoint method to support URLLC. While the closed-form expres-
sion of DEP can characterize the performance, it is generally intractable
for the the design of cooperatively efficient resource allocation. As
such, there is an emerging need for designing the precoding with the
performance metric of the URLLC rate.

Motivated by the above discussion, the PFA-based precoding design
for maximizing the users’ minimum URLLC rate is studied in this
correspondence. First, a PFA-based centralized precoding design is
proposed which generates a sequence of feasible points and converges to
a locally optimal solution of the design optimization problem. Second,
we propose a decentralized PFA-based precoding design by dividing
the APs into several non-overlapping cooperative clusters in which the
APs only share the data and instantaneous channel state information
(CSI) in each cluster to design the precoding vectors to reduce the
computational complexity. Simulation results show that compared with
the centralized precoding, the decentralized PFA precoding can achieve
80% of the 95%-likely URLLC rate and 89% of the average URLLC
rate with only 12% of the computational complexity of the counterpart.
We also investigate the impact of the precoding schemes, the length of
transmission duration, and the size of the AP cluster on the URLLC
rate via extensive simulations.

II. SYSTEM MODEL

We consider a cell-free massive MIMO system, which consists of
L APs and K single-antenna users that are distributed arbitrarily over
a large area. We assume that each AP is equipped with N antennas.
Moreover, all the APs are connected with each other and a central
processing unit (CPU) via dedicated fronthaul links with sufficient
capacity. All APs serve all users on the same time-frequency resource
through time division duplex (TDD) operation [19].

The channel coefficient between AP [ and user k, hy;, € CV*1, s
assumed to follow a correlated Rayleigh fading distribution. We adopt
a classic block fading model for modeling the channels such that hy;
remains constant in ¢ channel uses of the time-frequency blocks and
experience an independent realization in every block. Note that the
channel coefficients can be acquired at the APs by existing channel
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estimation algorithms [20] and this is beyond the scope of this work as
we aim to optimize the precoding for URLLC. Therefore, we assume
that perfect CSI is available at the APs.

In the downlink payload data transmission phase, the received
signal at user k£ can be expressed as yp = Z{;l hﬁwklsk +
Zle hf Zf;k wiiS; +ng, where s; ~ Nc(0,1) at AP I, w;; €
CN>1 s the precoding vector for user i at AP [, and ny, ~ N¢ (0, 0?)
represents the thermal noise at user k. Then, the corresponding effective
signal-to-interference-plus-noise ratio (SINR) is given as

2
v L (M

k= I74 H 2 )

Zi#k [hw;|” + o2
where h, =[hf,... hi]H e CLNA and w; =
(wi, ..., wH]H ¢ CLN>I. By treating the inter-user interference

hf Zf;k w;;8; as Gaussian noise, where pgll 2 [|wai||? is the power
allocated to user 7 at AP [, the achievable rate in nats/sec/Hz for user
k for the case of sufficiently long blocklength is given by the Shannon
rate function Ry, = In(1 4 @), and the achievable URLLC rate in
nats/sec/Hz for user k can be approximated as [8, eq. (30)]

/1
Ry =In(14 p) — Exv,ch*‘(e), )

where ¢ is the transmission duration, B is the communication band-
width, V}, is the channel dispersion [8] which can be expressed as

Vi=1-— m, Q!(+) is the inverse of the Gaussian Q-function,
ie., Q(z) = [ = exp(—t*/2)dt, and e is the decoding error prob-

ability. Note that (2) is the normal approximation when the channel hy,
is assumed to be quasi-static and deterministic over the transmission
duration ¢. The subtrahend in (2) captures the rate penalty due to the
finite block length, ¢t B.

III. MAX-MIN RATE BASED PRECODING DESIGN

A. Centralized Precoding Design

In the centralized precoding design, the optimization of the precod-
ing vectors takes place at the CPU, where the estimate of the global
instantaneous CSI hy,;, Vk € {1,..., K}, Vi € {1,..., L}, available.

The centralized max-min URLLC rate optimization problem can be
expressed as

max min {Ry (w)} (3a)
w LK

k=1,.

st Y IWaill < Prnax, V1 (3b)

wherew = {wy, : k=1,...,K,l=1,..., L} and pyy is the max-
imum power at each AP. The problem (3a) is non-convex due to the
URLLC rate function Ry (w). With the help of [8], we apply the PFA
to develop a concave lower bound for Ry (w).

Without loss of generality, the URLLC rate expression for user k can
be rewritten as Ry, (w) = fi(w) — agr(w), where a = Q' (¢)/VtB,

fr(w) =In(1 + @x(w)), and  gi(w) = \/1 — 1/(1+ pr(w))*.
Now, we aim to establish a convex lower bound for f;(w) and a
concave upper bound for gy (w).

Let w(™ be a feasible point for (3a) that is computed from the
(n — 1)th iteration of the iterative PFA.
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1) Lower Bounding for fi,(W): According to [8], the following
inequality holds for all x € CM1 |y € CM2 and x € CM1 § € CM2
—dllyl”.

2
In 1+H2X7H >a—
Iyl +o?
4

Applying the inequality in (4) for x =hflw,, y=Li(w), T=
hifw ("), 7= Lx(w(™), where Ly (w) arranges hilw;,i # k into
a vector of dimension K — 1, we obtain

=112
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2R{xHx} —

=112
1%l
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with the constraint of
m\* m|?
ZR{(wk ) hkthWk} ‘hk w, | >0, (6)
W w ™[ —(n) a(m
Wherea fk(w(n))+2_% c(rﬂ),0<bk :W,
Yk By yiwy

& = W A ()| (m) A
0<e' = FONOR ay, Zz# [hfw;"| +0%, and B, =

k k

2
S IhEw!™ | 462, According to [8], the function f{™(w) is

concave over the trust region (6) and achieves the same value as f, (w)
atw(, £ (w) = fi(w).

2) Upper Bounding for g;,(W): Since the function f(x) = \/x
is concave on = > 0, the following inequality for all z > 0 and £ > 0
holds true

0f(x)

Vi =f@) < f@)+ =5,

O]

— ) = ——

where refers to the partial derivative of the function f(z) <
f(Z) with respect to x. Applying the inequality in (7) for z =1 —
1/(1 4+ @p(w))?and T = 1 — 1/(1 + o (w))? and using

2 K 2
s / (Z\hfwif”z)
itk i=1
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K
% <Z |thWi’2 * Uz) S%
(ﬁ](cn)) i=1 QO
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Algorithm 1: Path-Following Algorithm for Solving Prob-
lem (3a).
1: Initialization: Iterate the convex problem (14) until the
convergence to obtain an initial point w(®). Set n = 0.
2:  Using (5) to obtain a concave lower bound for f;(w) with
constraint (6).
3: Using (11) to obtain a convex upper bound for g5 (w) with
constraints (9) and (10).
4:  Using (12) to obtain a concave lower bound for Ry, (w) under
the trust region constrained by (6), (9), and (10).
5:  Repeat until (3a) converges : Solve the convex problem (13)
to generate w("+1),

we have

L aa™em
gr (w) <d) - =k

o (S ()bt

m\? (n)
2) - ‘72) ’ 2(‘22(3))6: (i‘hfwilz+ o
( P

2 2 )
(Siwr Ifwil* +02) e A

— ‘hfw§")

"

2 g, (w), (11)
(#7)
R (w(m)?
where 0<d,(€">: ! l/(lﬂgk( ) + 1 ,and 0 <

20/ 11/ (g, (w()))?

(") (w) is convex and

(n) _ 1 . The function g,

o 23/ 121/ (g (w(m))?
achieves the same value as g; (w) at w(™), g{™ (w(™) = g, (w(™).

3) Concave Lower Bound for Ri(W): By applying (5) and
(11), we have Ri(w) > £ (w) — ag™ (w) £ R{™ (w), under the
trust region constrained by (6), (9), and (10). The function R,(c") (w) is
concave and matches with the function Ry, (w) at w(™):

Ry, (w™) = R{™ (w™). (12)
At the nth iteration, we solve the following convex problem with the
computational complexity O((LNK)*(2 K + 1)) to generate the next
feasible point w(™*1:

max kiminK R,(C"> (w)} s.t.  (3b), (6), (9), (10). (13)
According to (5) and (11), we can conclude that
ming—;,  x Rp(w™tD) > ming_, g Ri(w™), Vn, which

guarantees the monotonicity in convergence.

According to [8], [17], [21], [22], it is important to have a proper
initial point w® with the positive URLLC rate. Thus, we start
from any random point w(? satisfying the convex power constraint
ch{:l |sz\2 < K, VI and (6), and then iterate

. ") (w) st. (3b), (14)

.....

The solution obtained by these iterations can be adopted as the feasible
initial point w(®). Finally, Algorithm 1 provides the pseudo-code for
the applied path-following procedure.
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B. Decentralized Precoding Design

The previously proposed centralized precoding design requires all
the APs to upload the instantaneous CSI to the CPU, which put a sig-
nificant burden on the fronthaul signaling. Besides, the computational
complexity of the centralized precoding design can be exceedingly
high for a huge number of antennas. As such, there is a desire for
designing the precoding in a decentralized manner which only requires
local instantaneous CSI at the APs. In practice, the APs can be divided
into several non-overlapping cooperation clusters in which the APs
in the same cluster shares both the data and the instantaneous CSI to
design the precoding vectors. The APs in different clusters only have
the knowledge of the statistical CSI, such as the mean and the variance.
Note that although APs are divided into clusters, each user is served by
all the APs instead of the APs in the cluster which the user resides in.

Assume each cluster contains M APs, therefore, there are L/M
clusters in the network. As stated before, each AP can obtain the
instantaneous CSI of the APs in the same cluster and the statistical
CSI of the APs in different clusters. Therefore, the virtual SINR of user
k in cluster £ for designing the precoding vector can be expressed as

2
| iec iiwi + g E (b7} wi
K 2 :
Dtk !Zleﬁ hifw + > E {hf} Wif‘ +o?
(15)
Since we consider Rayleigh fading channels, we have E{h/l} = 0.
Therefore, (15) can be written as

one (Wie) =

|Zle£ hgwklf

K 2 .
Eiy‘:k |El€£ hﬁw“| +0?

The decentralized max-min URLLC rate optimization problem can be
expressed as

o (Wie) = (16)

max 7r1nin X« RY. (w))

w, =L
K
s.t. Z [Wiel* < Pmaxs VI € L, (17)
k=1
where wy represents the precoding vectors designed for

all the users by APs in cluster £ according to (16), and

RY (W) =1In (1 + ¢y (W) — 4/ B XV x QM e), Vip=
1
(oY, (wy )"
The problem (17) can be solved in a similar approach as the one for
(3a). When the problem (17) has been solved for all the clusters, we

can obtain the precoding vector for user k by

H M
wk:[(wzl) ,...7(WX(L/N[)) }

Then, the URLLC rate of user k can be obtained by computing (2)
using the precoding vector obtained from (18). The computational
complexity for each iteration in decentralized precoding design is
(9(((%)NK)3 (2 K + 1)). Compared with the centralized precoding,
the computational complexity decreased by M?3.

(18

IV. NUMERICAL RESULTS

In this section, we evaluate the performance of the proposed PFA
precoding design for the centralized and the decentralized fashion
and investigate the impact of the precoding schemes, the length of
transmission duration ¢, the number of antennas equipped at each AP N,
and the size of the AP cluster M on the URLLC rate. We first describe
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Fig. 1. CDF of the achievable rate achieved by the centralized PFA precoding
and the duality-based MMSE precoding witht = 0.05ms, B = 1 MHz, K = 6,
and N = 4.

our adopted simulation parameters. We adopt the similar parameters
setting as in [15] as the basis to establish our simulation system model.
L APs and K users are deployed in a rectangular area of 96 x 48 m?. In
particular, the APs are deployed on arectangle grid. The area is wrapped
around at the edges to avoid the boundary effects [15]. The horizontal
spacing between APs are 24 m, and the vertical spacing is 12 m. The
K users are deployed randomly. We adopt a similar propagation model
as in [14]. Besides, we set L = 16, 7, = 3, and € = 107, Note that in
all the figures, the achievable rates are calculated in bits/s/Hz.

Fig. 1 shows the cumulative distribution functions (CDFs) of the
achievable rate per user achieved by the proposed PFA centralized
precoding and the duality-based MMSE precoding with ¢ = 0.05 ms,
B =1MHz, K = 6, and N = 4 which is given by

e —1
LA w—p(thihf +021LN> he,  (19)

[Vl =

where p is the transmit power intend for each user at each AP. It can be
observed that the proposed PFA centralized precoding scheme performs
very well. The achievable rate per user distribution with the proposed
PFA centralized precoding almost uniformly outperforms the duality-
based MMSE precoding, and the former is more steeper. Specifically,
applying the PFA centralized precoding leads to 32% improvement
in terms of average URLLC rate and 65% improvement in terms of
95%-likely URLLC rate. Note that the duality-based MMSE precod-
ing in (19) is only a heuristic solution utilizing the uplink-downlink
duality and cannot effectively minimize the MSE E{|y; — sz |*|hy}.
Moreover, compared with the PFA centralized precoding, the duality-
based MMSE precoding has a lower computational complexity since
it only requires & ZLZK;N LE 4 NSLB{N L 1 N?L? complex-valued
multiplications. Besides, as expected, the performance of Shannon rate
serves as a performance upper bound of the URLLC rate at the expense
of infinitely long code length.

Fig. 2 plots the optimized 95%-likely achievable rate by Algorithm
1 versus the transmission time ¢ with N =4 and B =1 MHz. As
expected, the URLLC rate increases along with the transmission time ¢
according to the expression of the URLLC rate. Note that the Shannon
rate is fixed since it is computed assuming a sufficient long blocklength,
e.g.,t — oo. Besides, when the number of user increases from 6 to 15,
we can observe that the achievable rate decreases since there are more
users competing for limited resources that reduces the flexibility of the
resource allocation for effective beamforming. The performance gap
between the Shannon rate and URLLC rate is also reduced with the
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Fig. 3. CDF of the URLLC rate achieved by the PFA precoding in the
centralized and decentralized way with ¢ = 0.05 ms and N = 4.

increasing number of users as the performance of these two scheme is
limited by the user with the weakest channel gain.

Fig. 3 shows the performance of the PFA precoding in the centralized
and decentralized fashion in terms of the URLLC rate. The curve
“C-PFA” represents the URLLC rate computed using the centralized
PFA precoding design. Also, the curve “D-4-cluster,” “D-2-cluster,”
and “D-16-cluster” stand for the performance of the decentralized
PFA precoding design with 4 APs, 8 APs, and 1 AP in each cluster,
respectively. The first observation from Fig. 3 is that compared with
the centralized PFA precoding, the 95%-likely URLLC rate with the
decentralized PFA precoding is generally lower. This is because when
the decentralized PFA precoding is adopted, only the instantaneous
CSI within the cluster and the statistical CSI outside the cluster are
used for optimization in each cluster. As there is a mismatch between
the statistical CSI and the instantaneous CSI, the optimization for the
decentralized setting is less effective for the utilization of the system
resources. Besides, the performance of the 2-cluster decentralized PFA
precoding outperforms the centralized PFA precoding for the strong
users. The reason is that the performance of the centralized PFA precod-
ing is always limited by the worst-case users, since substantial resources
are allocated to equalize all the SINRs, while the decentralized PFA pre-
coding benefits from being more scalable. Compared with the 2-cluster
decentralized PFA precoding, when adopting the 4-cluster or 16-cluster
decentralized PFA precoding, the mismatch between the statistical
CSI and the instantaneous CSI is pronounced, so the performance
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is the worse. Specifically, compared with the centralized precoding,
the 95%-likely URLLC rate is reduced from 16.73 bits/s/Hz to 13.25
bits/s/Hz with the 2-cluster decentralized PFA precoding and to 8.95
bits/s/Hz with the 4-cluster decentralized PFA precoding. Moreover,
when the fully distributed 16-cluster decentralized PFA precoding is
adopted, the 95%-likely URLLC rate is only 0.17 bits/s/Hz. However,
since the computational complexity is also reduced, the performance
loss of adopting the 2-cluster decentralized PFA precoding instead
of the centralized precoding is tolerable. In particular, the 2-cluster
decentralized PFA precoding achieves 80% of the 95%-likely URLLC
rate, 89% of the average URLLC rate, and 12% of the computational
complexity of the centralized precoding. The second observation is that
the CDF of users’ URLLC rate is not as steep as the counterpart when
the decentralized PFA precoding design is adopted. The reason is that
the optimization target of each cluster contains virtual SINR rather than
the actual SINR, leading to under utilisation of system resources.

V. CONCLUSION

In this correspondence, we considered the precoding design in the
cell-free massive MIMO system for URLLC in the centralized and
decentralized fashion. PFA was designed for maximizing the users’
minimum URLLC rate and its performance was evaluated with different
settings of the transmission time, the number of antennas per AP, and
the size of the AP cluster. Simulation results showed that the centralized
PFA precoding design can effectively improve the performance of
95%-likely achievable rate and the decentralized PFA precoding with a
reasonable setting can approach the performance of the former but with
low computational complexity. In the future, we will jointly optimize
the precoding vector, the cluster formation, and the number of APs in
each cluster in a distributed fashion for URLLC.
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