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Abstract— A cell-free massive multiple-input multiple-output
system is considered using a max-min approach to maximize
the minimum user rate with per-user power constraints. First,
an approximated uplink user rate is derived based on channel
statistics. Then, the original max-min signal-to-interference-
plus-noise ratio problem is formulated for the optimization of
receiver filter coefficients at a central processing unit and user
power allocation. To solve this max-min non-convex problem,
we decouple the original problem into two sub-problems, namely,
receiver filter coefficient design and power allocation. The
receiver filter coefficient design is formulated as a generalized
Eigenvalue problem, whereas the geometric programming (GP)
is used to solve the user power allocation problem. Based on
these two sub-problems, an iterative algorithm is proposed,
in which both problems are alternately solved while one of
the design variables is fixed. This iterative algorithm obtains
a globally optimum solution, whose optimality is proved through
establishing an uplink—-downlink duality. Moreover, we present a
novel sub-optimal scheme which provides a GP formulation to
efficiently and globally maximize the minimum uplink user rate.
The numerical results demonstrate that the proposed scheme
substantially outperforms the existing schemes in the literature.
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I. INTRODUCTION

UTURE fifth generation (5G) wireless communication

networks will deliver a wide range of new user services
and dramatically increased data rates. Massive multiple-input
multiple-output (MIMO) has been recognized as one of the
key elements of 5G systems, due to its potential for extremely
high spectral efficiency [1]-[3]. This paper considers cell-free
Massive MIMO which has received much attention recently
because of its potential to ensure uniformly good service
throughput for all users [4]-[8]. Cell-free Massive MIMO is
a combination of distributed MIMO and Massive MIMO, and
there is no cell boundary [4]. It is a scalable version of network
MIMO which is also called coordinated multipoint process-
ing (CoMP) [9], [10]. The distributed access points (APs) are
connected to a central processing unit (CPU) via high capacity
backhaul links [4]. Cell-free Massive MIMO is thus also a
scalable version of the cloud radio access network (CRAN).
In CRAN, there are heavy communication burdens on the
backhaul, and computation burdens on the CPU, as all signal
processing is performed at the CPU [11]. The fog radio access
network (FRAN) [12] can overcome some of the problems
of CRAN. It moves some signal processing functionalities
from the CPU back to the AP, where in this case the APs can
also perform part of the signal processing. Hence, the tasks
required of the CPU can also be reduced. The more processing
is moved to the AP, the less is the burden imposed on
the CPU.

In [4], [6], and [13], the authors propose that the APs design
the linear receivers based on the estimated channels, and that
this is carried out locally at the APs. Hence, the CPU exploits
only the statistics of the channel for data detection. However,
in this paper, we propose to exploit a new receiver filter at the
CPU to improve the performance of cell-free Massive MIMO
systems. The coefficients of the proposed receiver filter are
designed based on only the statistics of the channel, which
is different from the linear receiver at the APs. The proposed
receiver filter provides more freedom in the design parameters,
and hence significantly improves the performance of the uplink
of cell-free Massive MIMO. In other words, the receiver filter
coefficients are designed after exploiting linear detection at
the CPU. Therefore, the uplink problem in the present paper is
different from the problem studied in [4], as in [4], the authors
do not consider the receiver filter coefficients.
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In this paper, we investigate an uplink max-min signal-
to-interference-plus-noise ratio (SINR) problem in a cell-free
Massive MIMO system. In particular, we propose a new
approach to solve this max-min problem. A similar max-min
SINR problem based on SINR known as SINR balancing in
the literature has been considered for cognitive radio networks
in [14]-[16]. In [17] and [18], the authors consider MIMO
systems and study the problem of max-min user SINR to
maximize the smallest user SINR. Note that the same max-
min problem is investigated in an uplink cell-free Massive
MIMO systems in [4] where user power allocation is utilized
by using a bisection search approach. However, the max-
min SINR problem considered in this paper is different from
the scheme in [4] due to the design parameters (in terms
of receiver filter coefficients and user power allocation) and
solution approach. In particular, the receiver filter coefficients
and power allocation are optimized in the proposed approach
whereas the work in [4] only considered user power allo-
cations. First, we derive the average SINR of the user by
incorporating a matched filtering receiver and formulate the
corresponding max-min SINR problem. This original max-
min problem in terms of receiver filter coefficients and power
allocations is not jointly convex. To circumvent this non-
convexity issue, we decompose the original problem into
two sub-problems, namely, receiver filter coefficient design,
and power allocation. It is shown that the receiver filter
coefficient design problem can be solved through a generalized
eigenvalue problem [19] whereas the user power allocation
problems can be formulated using standard geometric pro-
gramming (GP) [20], [21]. An iterative procedure is proposed
whereby at each iteration, one of the sub-problems is solved
while the other design variable is fixed. To validate the
optimality of the proposed scheme, we show that there exists
an equivalent downlink problem to realize the same user
rate in the uplink with an equivalent total power constraint
and the same receiver filter coefficients. By solving this
equivalent problem, the optimality of the proposed scheme
in the uplink is proved. The problem of uplink-downlink
duality has been investigated in [17] and [22]-[25]. Simulation
results are provided to demonstrate the performance of the
proposed scheme which confirms that the proposed scheme
outperforms the scheme in [4] in terms of achieved user rate.
In addition, we propose a new sub-optimal max-min SINR
scheme using a GP formulation which does not require any
iterative approach as in [4]. The contributions and results are as
follows:

1. To improve the performance of the system, we propose
to use a novel receiver filter, operating at the CPU,
which can be designed based only on the statistics of
the channel. Note that this is different from the linear
matched filtering receiver in [4].

2. The uplink user throughput using the proposed filter
is derived based on channel statistics and taking into
account the effects of channel estimation errors and the
effect of pilot sequences. We propose a novel approach to
solve the uplink max-min SINR problem, decoupling the
original problem into two sub-problems, which are solved
using an iterative algorithm. These sub-problems are

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

o User 1
User k Y AP 1ﬂ oS
Imk g1t \
il i ®
ﬂ\ ,n /’, 912
\ 1 e
' APm \; “ User 2

Fig. 1. The uplink of a cell-free Massive MIMO system with K single-
antenna users and M APs. The solid lines denote the uplink channels and the
dashed lines present the backhaul links from the APs to the CPU.

formulated as GP and a generalized eigenvalue problem,
and both sub-problems are solved at each iteration.

3. We prove that the proposed iterative algorithm provides
the globally optimal solution for the original non-convex
max-min SINR problem. The optimality of the proposed
algorithm is proved through establishing the uplink-
downlink duality for cell-free Massive MIMO.

4. We present a sub-optimal max-min SINR scheme by
formulating it into a standard GP which does not require
an iterative approach and shows the same performance as
in [4].

5. We present the complexity analysis of different schemes.

6. We present numerical results supporting the convergence
analysis and the theoretical derivations of the optimality
of the proposed schemes.

A. Outline

The rest of the paper is organized as follows. Section II
describes the system model, and Section III provides per-
formance analysis. The proposed max-min SINR scheme is
presented in Section IV and the convergence analysis is
provided in Section V. The optimality of the proposed scheme
is proved in Section VI. Section VII investigates a sub-optimal
max-min SINR scheme. Complexity analysis and a proposed
user assignment scheme are presented in Section VIII and
Section IX, respectively. Finally, Section X provides numerical
results while Section XI concludes the paper.

B. Notation

The following notations are adopted in the rest of the
paper. Uppercase and lowercase boldface letters are used for
matrices and vectors, respectively. The notation E{-} denotes
expectation. | - | stands for absolute value. The conjugate
transpose of vector X is x| and X7 denotes the transpose
of matrix X. In addition, z ~ CN(0,0?) represents a zero-
mean circularly symmetric complex Gaussian random variable

with variance o2.

II. SYSTEM MODEL

We consider uplink transmission in a cell-free Massive
MIMO system with M single-antenna APs and K randomly
distributed single-antenna users in the area, as shown in Fig. 1.
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The channel coefficient between the kth user and the mth AP,
Imk, is modeled as [4]

Imk = Bmk’hmka

where [3,,, denotes the large-scale fading and A, ~
CN(0,1) represents small-scale fading between the kth user
and the mth AP.

(1

A. Uplink Channel Estimation

In order to estimate channel coefficients in the uplink,
the APs employ an minimum mean-square error (MMSE) esti-
mator. During the training phase, all K users simultaneously
transmit their pilot sequences of length 7 symbols to the APs.
Let \/7¢r € C™*1, where ||¢x||?> = 1, be the pilot sequence
assigned to the kth user. Then, the received signal at the
mth AP is given by

K
y[»r)n = \VTPp Z gm,k¢k + w;fnn (2)

k=1

p € C™! is the noise whose elements are
iid CN(0,1). Next, the APs exploit the pilot sequence ¢y,
to correlate the received signal with the pilot sequence as
follows [4]:

where vector wP

K
yzr)n,k :¢kHer)n = V/TPpdmk + \/ TPp Z QTrI,k’¢kH¢k/ + wﬁlka

k' #k

where w! £ ¢ wp . The linear MMSE estimate of gy, is

E {gmki’fn,k} p

Imk = 2 Yok
E{ Vi }
K
= Cmi | TPpGmk+\TPp Y, Gmi St drr +1i, |,
k' #k
(3)
where ¢, is obtained as [4]
T m
Cos = VTPl @

TPp Zf’:l Bk |OF &y “41
Note that, as in [4], we assume that the large-scale fad-
ing, Bk, is known. The estimated channels in (3) are used by
the APs to design the receiver filter coefficients and determine
power allocations at users to maximize the minimum rate
of the users. In this paper, we investigate the cases of both
random pilot assignment and orthogonal pilots in cell-free
Massive MIMO. Here the term “orthogonal pilots” refers to the
case where unique orthogonal pilots are assigned to all users,
while in “random pilot assignment” each user is randomly
assigned a pilot sequence from a set of orthogonal sequences
of length 7 (< K), following the approach of [4] and [26].

B. Uplink Transmission

In this subsection, we consider the uplink data transmission,
where all users send their signals to the APs. The transmitted
signal from the kth user is represented by

Tk = /P QK Sk, (5

where s (E{|sx|?} = 1) and g denote the transmitted
symbol and the transmit power from the kth user, respectively.
Moreover, p refers to the normalized uplink SNR. The received
signal at the mth AP from all users is given by

K
Ym =P Y Gk TSk + Mo, (6)

k=1
where n.,, ~ CN(0,1) is the noise at the mth AP. In addition,
a matched filtering approach is employed at the APs, in that
the received signal is weighted appropriately. More precisely,
the received signal at the mth AP, y,,, is first multiplied
by g - The resulting g,y is then forwarded to the CPU
for signal detection. In order to improve achievable rate,
the forwarded signal is further multiplied by a receiver filter
coefficient at the CPU. The aggregated received signal at the
CPU can be written as

M
~
Tr = g UmkImkYm
m=1

K M M
= \/ﬁ Z Z umk’g:nkgmk’\/ Q' Sk’ + Z umk’g:nknm-
m=1

k'=1m=1
(7
By collecting all the coefficients u,,%, V m corresponding
to the kth user, we define w, = [us,uar, -+ ,upr|’ and
without loss of generality, it is assumed that |[ug|| = 1. The

optimal solution for ug,qr, V k for the considered max-
min SINR approach is investigated in Section IV. Similar
to [4], [6], and [13], we assume that the APs are connected to
the CPU via perfect backhaul connections. Such perfect back-
haul links might be established through fiber links between
the APs and the CPU. Moreover, based on [27], copper-
based backhaul links can provide a capacity of 750 Mbits/s
for a maximum distance of 1.5 km between the APs and
the CPU. In [28]-[30], the authors show that exploiting
optimal uniform quantization and wireless microwave links
with capacity 100 Mbits/s [31], the performance of limited-
backhaul cell-free Massive MIMO system closely approaches
the performance of cell-free Massive MIMO with perfect
backhaul links.

III. PERFORMANCE ANALYSIS

In this section, we derive the achievable rate for the consid-
ered system model by following a similar approach to [4]. Note
that the main difference between the proposed approach and
the scheme in [4] is the new set of receiver filter coefficients
which are introduced at the CPU to improve the achievable
user rate. The benefits of the proposed approach in terms of
the achievable uplink rate are demonstrated by the numerical
results in Section V. In deriving the achievable rate of each
user, it is assumed that the CPU exploits only the knowledge
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of channel statistics between the users and APs in detecting
data from the received signal in (7). Without loss of generality,
the aggregate received signal in (7) can be written as

Tk

M
= /pE { Z Umkg;knkgmk\/q_k} Sk

m=1

DS

M M
+/p (Z Umkg;kn,kgmk\/q_k_E{Z Uk Gk Gmk \/q_k}>5k

n=1 m=1

BU

K M M
+ Z \/ﬁ Z umk’g;kn,kgmk’\/ Qi Sk’ + Z umk’g:nknmm
m=1

k' #k

m=1

UL,/ TN,

)

where DS, and BUj, denote the desired signal (DS) and beam-
forming uncertainty (BU) for the kth user, respectively, and
IUIx represents the inter-user-interference (IUI) caused by
the k’th user. In addition, TN}, accounts for the total noise (TN)
following the matched filtering. The corresponding SINR of
the received signal in (8) can be defined by considering the
worst-case of the uncorrelated Gaussian noise as follows [4]:

w_ DSk |
Ry = 2 K 2 27 ®)
E{|IBUk[?+> % 2 E{[TULkw [2 } + E{[TNy[?}

Based on the SINR definition in (9), the achievable uplink
rate of the kth user is defined in the following theorem:

Theorem 1: By employing the matched filtering approach
at the APs, the achievable uplink rate of the kth user in the
cell-free Massive MIMO system with K randomly distributed
single-antenna users and M single-antenna APs is given
by (10), shown at the bottom of this page. Note that in (10),
we have

T = [Yiks Yoo+ > Yak] s (11a)

wp = [uig, uok, - unk)’ (11b)

Ay = [’Vucﬁw 7 Yok Bok! L YMkBurk (110)
Bk Bar Btk

Ry, = diag [y1r, Y2k, > VMK 5 (11d)

Dy = diag [BiwYik, BorrYoks -+ s By ymk] - (11e)

Proof: Please refer to Appendix A. [ ]

Note that the achievable rate in (10) is a function of only
large-scale fading which changes less often than the actual
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channel. Hence, the rate formula and accordingly the power
coefficients only need to be calculated when the large-scale
fading changes. Therefore, the APs do not need frequently to
update the CPU with the instantaneous channel state and the
user rates will change only when the positions of the users
change. Moreover, in cell-free Massive MIMO, due to the
channel hardening property, detection using only the channel
statistics is nearly optimal [4].

IV. PROPOSED MAX-MIN SINR SCHEME

In this section, we formulate the max-min user-fairness
problem in the cell-free Massive MIMO, where the minimum
uplink rates of all users is maximized while satisfying the
per-user power constraint. This max-min rate problem can be
formulated as the following optimization framework:

P max min R}CJP, (12a)
qr Uk k=1,--- K

st |jugl| =1, VE, (12b)

0<aqr <pk, Yk, (12¢)

where p,(rﬁ)x is the maximum transmit power available at

user k. From (10), it can be observed that in the denominator
of the expression for the uplink SINR, the power coeffi-
cients qp, k' # k are coupled with the receiver filter uy.
Therefore, it is not possible to define a new variable w;, =
\/@xuy, and solve the problem jointly in terms of uy and gy.
As a result, Problem P; is not jointly convex in terms of
u; and power allocation g, V k. Therefore, this problem
cannot be directly solved through existing convex optimization
software. To tackle this non-convexity issue, we decouple the
original problem P; into two sub-problems: receiver filter
coefficient design (i.e., u) and the power allocation problem.
To obtain a solution for Problem P;, these sub-problems are
alternately solved as explained in the following subsections.

A. Receiver Filter Coefficient Design

In this subsection, we solve the receiver coefficient design
problem to maximize the uplink rate of each user for a given
set of transmit power allocations at all users. By following the
analysis in [17], [22], and [23], the receiver filter coefficients
(i.e., ug, k) can be obtained by independently maximizing
the uplink SINR of each user. Therefore, the optimal receiver
filter coefficients for all users for a given set of transmit
power allocations can be determined by solving the following
optimization problem (13a) and (13b), shown at the bottom of
this page.

R ~log, | 1+ 1 (10)
ui! (25# G B 1 12D Afh + 10—y ar D + ;Rk) uy
. u/! (rikrkH) uy 3
TN (oK He |2A AL+ 5K quDpy+1R o
W (X G D) Drr [PA Rk A+ ko1 Qi D + Ry
st |Jug|] =1, Vk. (13b)

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

BASHAR et al.: ON THE UPLINK MAX-MIN SINR OF CELL-FREE MASSIVE MIMO SYSTEMS 5

Algorithm 1 Proposed Algorithm to Solve Problem P;

1. Initialize q(©) = [¢ (0), qéo), ,qﬁ?)] i=1

2. Repeat

Joi=1+1

4. Set ¢ = ¢~V and determine the optimal receiver
coefficients U = [ugz),ué), e ,uﬁ?] through solving the

generalized eigenvalue Problem P» in (13)
5. Compute qU“t1) through solving Problem P in (15)
6. Go back to Step 3 and repeat until required accuracy

Problem P is a generalized eigenvalue problem [19], where
the optimal solutions can be obtained by deterrnining the
generahzed eigenvalue of the matrix pair Ak = qkl"kl"k and
By = Zk/;ﬁk Q| D8 i |PA AL, + Zk/ 1 @Dy + I)Rk
corresponding to the maximum generalized eigenvalue.

B. Power Allocation

In this subsection, we solve the power allocation problem
for a given set of fixed receiver filter coefficients which can
be formulated as the following max-min problem:

P;: max min SINRkIp (14a)
9k k=1,--,
st 0<qp <p) . (14b)

Without loss of generality, Problem P; can be rewritten by
introducing a new slack variable as

P,;: max t, (15a)
t,qK

st. 0< qp <p®) | VE, (15b)

SINRY? > ¢, V k. (15¢)

Proposition 1: Problem Py can be formulated into a stan-
dard GP.
Proof: Please refer to Appendix B. [ ]
Therefore, this problem can be efficiently solved through
existing convex optimization software. Based on these two
sub-problems, an iterative algorithm is developed by alter-
nately solving each sub-problem at each iteration. The
proposed algorithm is summarized in Algorithm 1.

V. CONVERGENCE ANALYSIS

In this section, the convergence analysis of the proposed
Algorithm 1 is provided. Two sub-problems are alternately
solved to determine the solution to Problem P;. At each
iteration, one of the design parameters is determined by
solving the corresponding sub-problem while other design
variable is fixed. Note that each sub-problem provides an
optimal solution for the other given desi n variable. At the ¢th
iteration, the receiver filter coefficients uk , Vk are determined
for a given power allocation q() and similarly, the power
allocation q(”_l) is updated for a given set of receiver filter
coefficients u,(j), Vk. The optimal power allocation q(“t1)
obtained for a given u,(;) achieves an uplink rate greater than
or equal to that of the previous iteration. In addition, the power
allocation q(¥ is also a feasible solution in determining qtth
as the receiver filter coefficients u,(jﬂ), Vk are determined
for a given q(”). This reveals that the achieved uplink rate

monotonically increases with each iteration, which can be also
observed from the simulation results presented in Figs. 8 and 9.
As the achievable uplink max-min rate is upper bounded by
a certain value for a given set of per-user power constraints,
the proposed algorithm converges to a particular solution. For-
tunately, the proposed Algorithm 1 converges to the optimal
solution, as we will prove by establishing the uplink-downlink
duality in the following section.

VI. OPTIMALITY OF THE PROPOSED
MAX-MIN SINR ALGORITHM

In this section, we prove the optimality of the proposed max-
min SINR scheme in Algorithm 1. In general, converting the
original non-convex problem into two sub-problems would
remove the global optimality. However, the global optimality
of the proposed Algorithm 1 can be proved as follows:
first, we show that the solution of the original max-min
Problem P; can be obtained by solving an uplink problem
with an equivalent total power constraint instead of the per-
user power constraint. Then, an uplink-downlink duality is
established by proving that the same SINRs can be achieved
in both the uplink and the downlink with an equivalent total
power constraint. In other words, the same SINRs in the
uplink Problem P; can be realized by solving an equivalent
downlink problem. Finally, we present a bisection approach
to determine the optimal solution of the equivalent downlink
problem. Since both the uplink Problem P, and the equivalent
downlink problem achieve the same SINRs and the solution
of the downlink problem is optimal, it is straightforward to
conclude that Algorithm 1 yields the optimal solution for the
considered uplink max-min SINR problem in P;. The details
of the proof are provided in the following subsections.

A. Equivalent Max-Min Uplink Problem

In this subsection, we show that both Problem P; with per-
user power constraint and the uplink max-min fairness problem
with the total power constraint achieve the same user rate.
In the total power constraint, the maximum available transmit
power is defined as the summation of all users’ transmit power
from the solution of Problem P;, which can be written as
follows:

lot Z Qk ’ ( 1 6)
where ¢;, is the power allocated to the kth user obtained by
solving problem P; (Algorithm 1). The equivalent uplink max-
min problem with this total power constraint can be formulated
as follows:

Ps: max  min REP, (17a)
arue k=1, K

s.t. ||uk|| =1, Yk, (17b)

qu (17¢)

Similar to the original Problem Pl, Problem P is not jointly
convex in terms of receiver filter coefficients u; and power
allocation ¢y, Vk. However, we modify Algorithm 1 to incor-
porate the total power constraint in Problem Ps5. Similar to the
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alternate optimization approach for Problem P;, Problem P;
is decoupled into receiver filter coefficient design and power
allocation sub problems. The same generalized eigenvalue
problem in Problem P» is solved to determine the receiver
filter coefficients whereas the GP formulation in P; is adapted
to incorporate the total power constraint (17c¢). This is a convex
constraint (posynomial function in terms of power allocation)
and the power allocation problem (GP) with the equivalent
total power constraint remains as a convex problem.

Lemma 1: Both the original Problem Py and Problem Py
vield the same solution with per-user power constraint and
equivalent total power constraint.

Proof: Please refer to Appendix C. [ |

B. Uplink-Downlink Duality for Cell-Free Massive MIMO

In this subsection, we establish an uplink-downlink duality
for cell-free Massive MIMO systems. In particular, it is shown
that the same SINRs (or rate regions) can be realized for all
users in the uplink and the downlink with the equivalent total
power constraints, respectively [22]-[24], [32]. In other words,
the same set of filter coefficients can be utilized in the uplink
and the downlink to achieve the same SINRs for all users
with different user power allocations. The following theorem
defines the achievable downlink rate for cell-free Massive
MIMO systems:

Theorem 2: By employing conjugate beamforming at
the APs, the achievable downlink rate of the kth user in the
cell-free Massive MIMO system with K randomly distributed
single-antenna users and M single-antenna APs is given
by (18), shown at the bottom of this page.

Proof: This can be derived by following the same
approach as for the uplink in Theorem 1. [ |
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page. The following Theorem provides the required condition
to establish the uplink-downlink duality for cell-free Massive
MIMO systems:

Theorem 3: By employing matched filtering in the uplink
and conjugate beamforming in the downlink, to realize the
same SINR tuples in both the uplink and the downlink of a
cell-free Massive MIMO system, with the same filter coeffi-
cients and different transmit power allocations, the following
condition should be satisfied:

M K K
§ § : 2 __ § * __ pe
Ymk |wmk| - 4 = R‘ol’
k=1

m=1 k=1

(20)

where Wy, denotes the (m, k)-th entry of matrix W which is
defined as follows:

W = [\/piur, \/pouz, -, \/PrUK]. 2D
Proof: Please refer to Appendix D. [ ]

C. Equivalent Max-Min Downlink Problem

In this subsection, we present an optimal approach to solve
the max-min SINR downlink problem with the equivalent total
power constraint. This user-fairness problem can be formulated
as follows:

Ps: max min RE,L, (22a)
Pk Uk k=1, K
st |Jug] =1, Yk, (22b)
K
> pe < PG, (22¢)
k=1

where RPY = log,(1 + SINR}Y), and SINRL" is defined
in (18). This problem is difficult to jointly solve in terms
of transmit filter coefficients uy’s and power allocations py’s.
However, similar to [4], it can be reformulated by introducing

Note that th bol Agrg, i 18), is defined . . .
o © symbo Wi 0 (18) 1ST CHNEE 25 new variable by coupling both of these variables as follows:
|k Bk vow Bak Mk Bk
Apyp = coe,—————=1 | and Yk
P Bt P P;: max min RPY (23a)
denotes the diagonal matrix whose diagonal entries are 7 W k=1, K ko
[Yik Biks Yok Boks - - s Ymw Bask]. In addition, py, VE denotes M K
the downlink power allocation for the kth user. Moreover, s.t. Z Zymk |wmk,|2 < Pg,. (23b)
the uplink SINR is given in (19), shown at the bottom of this m=1 k=1
SINRY" (U, p) s (pkrkr,?) - (18)
k 7p = 2 .
25# ullpr ¢ﬂ¢k\ Ap AL up + 25:1 ulpe X gy + %
. uf? (qkrkrf) uy,
SINRYF (U, q) = — 5 - = . (19)
“kH (Zk/;ek gk’ ¢kH¢k’ Akk’Akk/ + Ek’:l Qi Dy + %Rmk) Uy
M K
Py : min SO ik [l (24a)
m=1 k=1
WkH (I‘kI‘kH) Wi
L= EOTIRE 7 7 p : >t, (24b)
Zk/;ékwk/ ¢k/¢k‘ Ak/kAk/ka/'FZk/:ka,/Tk/kwk/—l—;
M K
SN ok lwme” < PG, (24c)

m=1 k=1
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It can be easily shown that Problem P; is quasi-convex,
therefore a bisection approach can be exploited to obtain the
optimal solution for the original Problem P; by sequentially
solving the following power minimization problem for a given
target SINR ¢ at all users (24a)—(24c), shown at the bottom of
this page, where wy, represents the kth column of the matrix W
defined in (21). Second order cone programming (SOCP) can
be exploited to reformulate Problem FPg as a convex one.
More precisely, for a given ¢, Problem Pg can be reformulated
as follows:

M K
rewrite : 2
P min E E Yk [ Wnk|”

(25a)
m=1 k:]lw
st |[zp]] < 2=t TElmWmk (25b)
Vi
M
Z (A k] mWmir < Xwer, VK # K, (25¢)
m=1
M
Z [Tk;/k]mw?nk/ é w%/k,Vk, (25d)
m=1
M K
ST Yok lwmil* < PG (25¢)
m=1k=1

where x/, and 1/},%, . are slack variables, and [x],, represents
the nth element of vector x. Moreover, we have

Zg £ X1k¢fl¢ka T aX(kfl)k¢kal¢k7 X(k+1)k¢kH+1¢k7 B

o 1
XKk¢K¢k)wlk7 akaa \/ﬁ
It can be seen that (25b) represents second order
cone (SOC) [33]. Hence, Problem Pgewm" is a SOCP.
Therefore, the optimal solution for Problem Py can be
derived by extracting the normalized transmit filter coeffi-
cients ug’s and power allocations py’s as

(26)

pi = [Iwill%, vk, (27a)
up = —E- Vi, (27b)
[[will

where w;’s are the optimal solution of Problem P;. Note
that constraint (23b) is an equivalent total power constraint
to the per-user power constraint in the original uplink max-
min SINR problem in P;, which is a more relaxed constraint
than the per-user power constraint in P;. However, it is already
shown in the previous sub-section that the same SINRs can
be realized in both the uplink and the downlink with per-
user and the equivalent total power constraints. In addition,
the SINRs achieved in the downlink problem in P; are
optimal and therefore the SINRs achieved in Problem P;
is optimal. Next, let us again consider the uplink max-min
SINR Problems P; and Ps. After solving the uplink max-
min SINR with total power (with the maximum available

power P¢, = Zszl q;, defined in Problem P;), and solving
the uplink max-min SINR with per-user power constraints
(Problem P;), we observe that the obtained power allocation
for all users (g, Vk) after solving Problem P; and Problem P;
are exactly the same. Moreover, after solving Problem P;
using the proposed Algorithm 1, it is observed that at least one
of the users always consumes the maximum power (i.e., there
always exists one user with ¢;;, = pf,lfgx). However, it is easy
to prove that it is not possible to improve the max-min rate
of the system by increasing the power of other users since
in this case we would have to decrease the power of user
with ¢ = pgfg)tx, which decreases the rate of this user, and
hence the max-min rate. This validates the optimality of the
proposed max-min SINR scheme in Algorithm 1.

VII. SUB-OPTIMAL UPLINK MAX-MIN SINR

In this section, we revisit the bisection search based uplink
max-min SINR scheme presented in [4]. First, this bisection
scheme is summarized and then, we propose another approach
to solve this max-min SINR problem by formulating it into a
convex optimization framework. This scheme is developed by
appropriately allocating transmit powers at each user with an
matched filtering technique at the APs. However, no receiver
filter coefficient design has been considered at the CPU to
enhance the uplink rate as in the previous section. The achiev-
able rate of the kth user is derived in (28), shown at the bottom
of this page, where 7, is the allocated transmit power at user
k [4]. For this scenario, the uplink max-min SINR problem
can be formulated as the following max-min problem:

Py: max min R}CJP, (29a)
e >0 k
st. 0<n <pk) (29b)

A. Bisection Search Method

In this subsection, we present the bisection search method
for this quasi-linear problem. As this problem cannot be
directly solved in this present form, a series of power min-
imization problems is solved by setting the same target rate
for all users and the corresponding target rate is modified in the
next iteration according to the feasibility or infeasibility of the
power minimization problem at each iteration. The feasibility
of the following power minimization problem is verified for
a given target SINR ¢ at all users in each iteration of the
bisection search [4]:

R =1+

K
Pio: i 30
10 min ;nk, (30a)
st.0O<m <pFl.. Yk, (30b)
K M B 2 ,
o3 (S et
k' #k m=1 mk
2
Pk (Zﬁle vmk)
(28)

2
K M mbk!
P Zk/;ék k! (Zm,=1 Tmk %'ntk;c ) |¢kH¢k’

2 K M M
+ P Zk“:l Nk’ Zm:l ’)/mkﬁmk’ + Zm:l TYmk
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Algorithm 2 Bisection Search Method to Solve Problem Py
. Initialize tin, tmax and €

. Solve Problem P, defined in (30), with ¢t = %

. Repeat

. If Problem Pjq is feasible, then ¢, = ¢

. Else, tax =t

. Repeat until (¢ax

AN B W=

- tmin) S €

K M M
—+ 1Y Z Nk Z ’Ymkﬁmk/t'f' Z ’Ymkt

k'=1 m=1 m=1
M 2
< i (Zm) k. (30¢)
m=1

In this bisection search approach, first an upper and lower
bounds of the achievable SINR are set to ¢p.x and tmin,
respectively and the initial target SINR ¢ is chosen as (¢max +
tmin)/2. If Problem P is feasible for a given target SINR ¢,
then the lower bound ¢,,;, will be set to ¢t and a new target
SINR is chosen as (tmax + tmin)/2 for the next iteration. This
procedure is continued until the difference between the upper
and the lower bounds is smaller than a predefined threshold .
This bisection search method based uplink max-min SINR
scheme is summarized in Algorithm 2. Note that based on
the analysis in [17], the bisection search method provides the
optimal solution. In the rest of this section, we show that
Problem Py can be reformulated as a standard GP, which does
not require an iterative bisection search to find the optimal
solution.

B. Proposed Sub-Optimal Scheme

In this subsection, we exploit GP (convex problem) to
develop an efficient solution for Problem Py defined in (29).
As mentioned in previous subsection, Problem Py cannot be
directly solved through the optimization software. Consider
the following optimization problem:

Pi1: max t, (31a)
t,ne
st. 0<n, <p® | VE, (31b)
SINRYF > ¢, VE. (3lc)

Proposition 2: Problem Py can be reformulated into a GP.
Proof: The standard form of GP is defined in Appendix B.
The SINR constraint in (31c) can be reformulated into the
posynomial function. Following a simple transformation,
the SINR constraint in (31c) can be represented by the
following inequality:

K K
_ 1
met | D ememe Y freme 1| < 5

e (32)
K £k k=1

where
2

2
M k!
(Em:l Ymk %’:—;Z) |¢]€I¢k’
erk = = 5 ; (33a)
(Z,ﬁzl ’Ymk)
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TABLE I
COMPUTATIONAL COMPLEXITY OF DIFFERENT PROBLEMS

Problems Required arithmetic operations
Problem P, given by (13) O(KM?)
Problem P, given by (15) O(K7)

Problem Py, given by (30) logz(@) O(K*)

Problem P,,, given by (31) O(K7)

S kB
(Zf\r/{:l ka) .
Zf\,/f:l Ymk '
p (Enlvle vmk)Q

The transformation in (32) demonstrates that the left-hand side
of (32) is a posynomial function. Hence, Problem P;; is a
standard GP, which completes the proof of Proposition 2. B
Based on Proposition 2, the objective function and constraints
of Problem P;; are monomial and posynomials functions in
terms of power allocaitons 7;s. Hence, Problem P;; is a
standard GP, and can be efficiently solved through convex
optimization software. Simulation results are provided to show
that both bisection and GP based sub-optimal schemes achieve
the same user rate for all users.

frw = (33b)

TR = (33¢)

VIII. COMPLEXITY ANALYSIS

Here, we provide the computational complexity analysis for
the proposed Algorithm 1, which solves a generalized eigen-
value problem P, and a GP (convex optimization problem) Py
at each iteration. For the receiver filter coefficient design in P,
given by (13), an eigenvalue solver requires approximately
O(K M?) flops [34], [35]. Note that the complexity analysis
of an eigenvalue solver takes into account the matrix inversion
as well. In addition, a standard GP in Problem Pj, defined
in (15), can be solved with complexity equivalent to O(K %)
[36, Ch. 10]. The proposed sub-optimal scheme in Section VII
solves a GP in Problem P;q, defined in (31), which can be
solved with O(K %) [36, Ch. 10]. However, for the scheme
in [4], the iterative bisection search method in Algorithm 2
solves a SOCP at each iteration. The complexity of SOCP is
O(K*) in each iteration [37], [38]. Note that the total number
of iterations to solve Problem Py via a bisection search method
is given by log, (tmax—tmin) where € refers to a predetermined
threshold [33]. The number of arithmetic operations required
for Algorithm 1, Algorithm 2, and the proposed sub-optimal
scheme are provided in Table I.

IX. PROPOSED USER ASSIGNMENT SCHEME

In practice, the total backhaul capacity required between the
mth AP and the CPU increases linearly with the total number
of users served by the mth AP, which motivates the need to
pick a proper set of active users for each AP [28]. In [28],
we proposed a user assignment algorithm which can reduce
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the required capacity of backhaul link by assigning a limited
number of users to each AP, however, this paper assumes
perfect backhaul links. Hence, for simplicity we assume here
that only th,,, % of the total number of users can be supported
by the mth AP. Hence, we have

K, < (th—me), (34)

100

where K, denotes the size of the set of active users for the
mth AP. First, we find an upper bound on the size of the set of
active users for each AP. In the next step, we propose for all
APs that the users are sorted according to 3,,x, Vk, and find
the K, users which have the highest values of (3,,, among
all users. If a user is not selected by any AP, we propose to
find the AP which has the best link to this user. Then, we add
the user to the set of active users for this AP and drop the
user which has the lowest (,,,, Vk, among active users for
that AP which have links to other APs as well. We next solve
the original max-min SINR problem with 7,,,5 < Yk, Where
Ymk 18 given by

~ mk m € Sk
Ak = {V w F (35)

0, otherwise,

where Sy, refers to the set of active APs for the kth user. Note
that optimum user assignment scheme can be considered in
future work.

X. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide numerical simulation results
to validate the performance of the proposed max-min SINR
scheme with different parameters. A cell-free Massive MIMO
system with M APs and K single-antenna users is considered
in a D x D simulation area, where both APs and users are
uniformly located at random. In the following subsections,
we define the simulation parameters and then present the
corresponding simulation results.

A. Simulation Parameters
The channel coefficients between users and APs are
modeled in (1) where the coefficient 3, is given by [4]
Osh Zmk

5mk = PL,,,;10 10 ;

where PL,,; is the path loss from the kth user to the mth AP
and the second term in (36), 10~ denotes the shadow
fading with standard deviation o, = 8 dB, and z,,; ~
N(0,1). In the simulation, an uncorrelated shadowing model
is considered and a three-slope model for the path loss is given

by [4], [39]

(36)

dmk > dl;

PL,.; = —L—1510g10(d1)—201Og10(dmk), d0<dmk§d1,
—L— 1510g10(d1) — 20 loglo(do), dmk < do,

(37)

and L = 46.3 4+ 33.9log,,(f) — 13.82logyo(hap) —

(1.11logyo(f) = 0.7) hy + (1.561og;o(f) —0.8), where f
denotes the carrier frequency (in MHz), h4p and hy repre-
sent the AP antenna height (in m) and user height (in m),

The scheme ,j,; ')' i
09r ilfl [4] -. . : B
H L
o 08F \ 0 1
=] r:
S o7t Vi .
5 Vi Proposed Scheme
Zosr i | 27 (Algorithm 1)
= T :
S sl D f
> i
'g 0.4+ " £ -
= , i ||—Orthogonal pilots
g 03¢ A . Random pilot
O ozt ; — assignment, 7=20
o1l P ! i ||__ Random pilot
s i assignment, 7=10
0 e I Vil L
0 0.5 1 1.5 2 25 3 35 4

Min uplink rate (bits/s/Hz)

Fig. 2. The cumulative distribution of the min uplink rate, with orthogonal
and random pilots for M = 120, K = 30 and D = 1 km?2.
T T I s
The scheme .4
09r ilfl [ 4] :. A
08}t \ ,

77 Proposed Scheme |

&~ (Algorithm 1)

06

05

041
— Orthogonal pilots

Random pilot
i assignment, 7=20
'; _ _ Random pilot
assignment, 7=10
35 4

Cumulative distribution

0 0?5 1 1.5 2 25 3
Min uplink rate (bits/s/Hz)

Fig. 3. The cumulative distribution of the min uplink rate, with orthogonal
and random pilots for M = 120, K = 30 and D = 1 km?2.

respectively. The noise power is given by p, = BW x kp X
To x W, where BW = 20 MHz denotes the bandwidth,
kp = 1.381 x 1023 represents the Boltzmann constant, and
To = 290 (Kelvin) denotes the noise temperature. Moreover,
W = 9 dB, and denotes the noise figure. It is assumed that that
Dp and p denote the pilot sequence and the uplink data powers,
respectively, where p, = p—p and p = ;;%' In simulations,
we set p, = 200 mW and p = 200 mW. Similar to [4],
we assume that the simulation area is wrapped around at the
edges which can simulate an area without boundaries. Hence,
the square simulation area has eight neighbours. We evaluate
the average rate of the system over 300 random realizations
of the locations of APs, users and shadow fading. Furthermore,
to consider the channel estimation overhead in our compari-
son, we exploit the net througITlput of the system which is

defined as [4] Rperx = BW 5 Te
coherence interval in samples.

Ry, where 7. represents the

B. Simulation Results

1) Performance of the Proposed Max-Min SINR Algorithm:
In this subsection, we evaluate the performance of the pro-
posed uplink max-min SINR scheme. To assess the perfor-
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Fig. 4. The cumulative distribution of the min uplink rate, with random
pilots for M = 150, K = 50 and D = 1 km?.

1 ‘ ‘ -
09 The scheme 7 ;o
in [4] M Proposed Scheme |
g 08F \ p (Algoritm 1) 1|
= [
= 07r It il
= . N
=06 7 i
2 ;
LS |
© 0.5 ,I
B
E 0.4 r §
. 1
E 0371 — Orthogonal pilots | 1
. !
3ozt Random pilot / |
- . !
o1k assignment, 7=20| |
: !’
e S R R ol
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Min uplink rate (bits/s/Hz)

Fig. 5. The cumulative distribution of the min uplink rate with proposed
user assignment scheme in Section IX, with orthogonal and random pilots for
M =120, K = 30, K, = 20,VYm, and D = 1 km2.

mance, a cell-free Massive MIMO system is considered with
120 APs (M = 120) and 30 users (/X = 30) who are randomly
distributed over the simulation area of size 1 x 1 km?. Fig. 3
presents the cumulative distribution of the achievable uplink
rates for the proposed Algorithm 1 and the scheme in [4], for
the cases of orthogonal and random pilots. As seen in Fig. 3,
the performance of the proposed scheme is almost three times
than that of the scheme in [4]. Next, the performance of the
algorithm is evaluated for a system with 150 APs (M = 150)
and 50 users (K = 50).! Fig. 4 similarly compares the rate of
the proposed algorithm with the scheme in [4]. The simulation
results in Figs. 3 and 4 show that the proposed Algorithm 1
achieves more than double the 10% outage capacity compared
to the scheme in [4]. Moreover, Figs. 3 and 4 demonstrate
that the rate of the proposed max-min SINR approach is more
concentrated around the median value.

2) User Assignment: In this subsection, the performance of
the proposed uplink max-min SINR scheme with the proposed
user assignment scheme in Section IX is investigated. We set

'The analysis in [40] demonstrates that in the limit of Massive MIMO
(M, K — oo and @ = %), when a > 4, linear precoding is “virtually
optimal”, and can be used instead of dirty paper coding (DPC). In this paper,

we consider the two cases o = % =4 and a = 130

3 50

Orthogonal
%97 pilots i
= 08f 1
S
Bort 1
b=
So6f \ Random pilot 1
E 05k assignment, =20 |
>
Eoar 1
g 03F .
=i
O o2t ]
o1l - - The proposed sub-optimal scheme
— The scheme in [4]
o : ‘ : —
0 05 1 15 2 25
Min uplink net throughput (bits/s) x107
Fig. 6. The cumulative distribution of the min uplink net throughput, with

orthogonal and random pilots for M = 120, K = 30, D = 1 km? and
7. = 200.

120 APs (M = 120) and 30 users (KX = 30), and assume
66.66% of the total number of users can be supported by
each AP. Based on the analysis in Section IX, this results
in a total number of users supported users by each AP of
K,, = 20,Vm. Fig. 5 presents the cumulative distribution of
the achievable uplink rates for the proposed Algorithm 1 and
the scheme in [4] with the proposed user assignment algorithm
in Section IX, for the cases of orthogonal and random pilots.
As seen in Fig. 5, the performance of the proposed scheme is
significantly better than that of the scheme in [4]. In addition,
it can be observed from figure that the rate of the proposed
Algorithm 1 is more concentrated around the median. Inter-
estingly, by comparing the results in Figs. 3 and 5, the perfor-
mance degradation is negligible exploiting the proposed user
assignment scheme whereas based on the analysis in [28],
the backhaul rate is significantly reduced.

3) Performance of the Proposed Sub-Optimal Scheme:
In this subsection, we study the effect of the proposed sub-
optimal scheme on the system performance. Fig. 6 com-
pares the cumulative distribution of the achievable uplink
net throughput for our proposed sub-optimal scheme with
scheme in [4]. In order to generate the numerical results
for the scheme in [4], the iterative bisection search method
in Algorithm 2 is used whereas the proposed sub-optimal
scheme solves the standard GP with polynomial time com-
plexity. In Fig. 6, the same cell-free Massive MIMO system is
considered with 120 APs (M = 120) and 30 users (K = 30).
Figs. 6 and 7 compare the performance of the proposed
sub-optimal approach with the scheme in [4] for different
system parameters. As evidenced from these numerical results,
both proposed GP approach and the bisection search scheme
in [4] shows the same performance in terms of the achieved
user rate. However, the scheme in [4] is developed through
iterative bisection search in which a SOCP is solved at each
iteration, whereas the proposed GP approach does not require
any iterative methods and solves the problem with polynomial
time complexity.

4) Convergence: Next, we provide simulation results to
validate the convergence of the proposed algorithm for a set
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Fig. 7. The cumulative distribution of the min uplink net throughput, with
orthogonal and random pilots for M = 150, K = 50, D = 1 km? and
7 = 200.
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Fig. 9. The convergence of the proposed max-min SINR approach
(Algorithm 1) for M = 150, K = 50, D = 1 km, and the length of the
pilot sequences is set to 30 (7 = 30).

of different channel realizations. These results are generated
over the simulation area of size 1 x 1 km? with random and
orthogonal pilot sequences. Fig. 8 investigates the convergence
of the proposed Algorithm 1 with 120 APs (M = 120)
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Fig. 10. The cumulative distribution of the min uplink rate for the

original problem with per-user power constraint (Problem P;), the equivalent
uplink problem with total power constraint (Problem Ps), and the equivalent
downlink problem (Problem PFg), with orthogonal and random pilots for
M =120, K =30 and D = 1 km.

1 T
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Fig. 11. The cumulative distribution of the min uplink rate for the

original problem with per-user power constraint (Problem P;), the equivalent
uplink problem with total power constraint (Problem Ps), and the equivalent
downlink problem (Problem Fg), with orthogonal and random pilots for
M =150, K =50 and D = 1 km.

and 30 users (K = 30) and orthogonal pilot sequences,
whereas Fig. 9 demonstrates the convergence of the proposed
Algorithm 1 for the case of M = 150 APs and K = 50. The
figures confirm that the proposed algorithm converges after a
few iterations, while the minimum rate of the users increases
with the iteration number.

5) Uplink-Downlink Duality in Cell-Free Massive MIMO
System: Here, the simulation results are provided to support
the theoretical derivations of the uplink-downlink duality and
the optimality of Algorithm 1. It is assumed that users are
randomly distributed through the simulation area of size
1 x 1 km?. Figs. 10 and 11 compare the cumulative dis-
tribution of the achievable uplink rates between the original
uplink max-min problem (Problem P;), the equivalent uplink
problem (Problem Ps) and the equivalent downlink problem
(Problem Fg). In Fig. 10, the minimum uplink rate is obtained
for a system with 120 APs (M = 120) and 30 users
(K = 30) whereas Fig. 11 presents the same results for
150 APs (M = 150) and 50 users (K = 50). The simulation
results provided in Figs. 10 and 11 validate our result that
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the problem formulations P;, Ps and Py are equivalent and
achieve the same minimum user rate. In addition, these results
support our result on the uplink-downlink duality for cell-free
Massive MIMO in Section VI and the proof of optimality of
Algorithm 1.

XI. CONCLUSIONS

We have considered cell-free Massive MIMO which has
the potential to meet the capacity requirements of 5G. Com-
pared to the collocated Massive MIMO, the distributed version
brings the APs much closer to the “cell edge” users, which
leads to a uniformly good service for all users. We have
investigated the uplink max-min SINR problem in cell-free
Massive MIMO systems and proposed an optimal solution
to maximize the minimum uplink user rate. To realize the
solution, the original max-min problem was divided into two
sub-problems which were iteratively solved by formulating
them respectively as a generalized eigenvalue problem and
as GP. The optimality of the proposed solution has been
validated by establishing the uplink-downlink duality for cell-
free Massive MIMO systems. Next, a novel sub-optimal
scheme was developed through formulating the max-min
power allocation problem as a standard GP, which efficiently
and globally solves the max-min SINR problem. Simulation
results have been provided to demonstrate the effectiveness
and the optimality of the proposed schemes in comparison
with the existing schemes. In addition, these results con-
firm that the proposed max-min SINR algorithm can signif-
icantly improve the uplink user rate, compared to existing
algorithms.

APPENDIX A
PROOF OF THEOREM 1

The desired signal for user k is given by

M M
DS; = \/EE { Zumk‘g;knkgmk’\/ qk} = \/ P4k Z UmkYmk-
m=1 m=1

(33)
Hence,
M 2
IDSk|* = pai <Z Umk'Ymk) : (39
m=1
Moreover, the term E{[BU|*} can be obtained as
E {|BUk. |2}
M
= pE{ Z Umkg:nkgmk’\/%
m=1
M 2
- PE { Z um,kg:nkgmk’\/ﬁ}
m=1
M
=p Y Gty (E {|g:nkgmk - E{grnk’gmk}ﬁ})
m=1
M
= P4k Z u?nk’}/mktﬁmk’v (40)

m=1
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where the last equality comes from the analysis in
[4, Appendix A], and using the following fact that; v, =
E{|gmk|2} = /TDpBmikCmik. The term IE{|IUIkk/|2} is
derived as

E{[IULy [*}

2

M
D kGG O

m=1
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7 @1
where the third equality in (41) is due to the fact that for
two independent random variables X and YV and E{X} =
0, we have E{|X + Y|’} = E{|X|*} + E{|Y[’} [4]. Since
Tl = ¢anp,m ~ CN(0,1) is independent of the term g,
the term A in (41) is given immediately by

M
A=qu Y Gt B 42)
m=1
The term B in (41) can be obtained as
M 2
2
B=1ppqE Q| D coktimi [gmir|* S S0
m=1
C 12
M K
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The first term in (43) is given by
M 2
2
C = Tpqu’E Z CmEkUmk |gmk’| ¢kH¢k'
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where the last equality is derived based on the fact v,,, =
/TDpBmiCcmi. The second term in (43) can be obtained as

* 2
- Tpqu/ Z CmkUmkGmk’ Z gmz¢k
i#k!
M K )
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m=11i£k’

Hence, (41) can be written as
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For the last term of (47), we have
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where in the last step, we used equation (4). As a result,

C1+ Cy = /TDparr Zm 1 u? 2 kCmkBmik Bmi. Then finally
we have

M
IE{|IUIW|2} = pqu (Z uinkﬁmmmk>
m=1
M 2
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m—1 5mk

(49)

O bi
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The total noise for user k is given by

M 2
E{TNG Y =ES | 3 wnrdiinm
m=1

k')/mkv

M:

(50)

where the last equality is due to the fact that the terms g%
and n,, are uncorrelated. Finally, by substituting (39), (40),
(49) and (50) into (9), SINR of kth user is obtained by (10).
which completes the proof of Theorem 1. [ ]

APPENDIX B
PROOF OF PROPOSITION 1

The standard form of GP is defined as follows [33]:

P12 : min f()(X)7 (513.)
fz(X)Sl, Z:l, ,m, gz(x)::l7 Z:1, , D,
(51b)

where fo and f; are posynomial and g; are monomial func-
tions. Moreover, X = {1, -+ , 2, } represent the optimization
variables. The SINR constraint in (15c) is not a posynomial
function in its form, however it can be rewritten into the
following posynomial function:

K 2 K
uf(Ek/#qkf S |” App AL 0| gD +%Rk)uk

u; ( kl"kl"k)uk

1

< vk (5D

By applying a simple transformation, (52) is equivalent to the
following inequality:

K K 1
Zakk/Qk’+ Z bk @i + ¢ | < g

(53)
K #k k=1
where
2
ukH ()(]SquSk/ AkklAka,) u
gk = I ; (54a)
ukH (I‘k,I‘k ) Uy
HDy u/R
bpw = uk—kk[;k’ck — —’“u’“. (54b)
ukH (I‘kI‘k ) uy pu,C (I‘kI‘k )

The transformation in (53) shows that the left-hand side
of (52) is a posynomial function. Therefore, the power
allocation problem P, is a standard GP (convex problem),
where the objective function and constraints are monomial
and posynomial, respectively, which completes the proof of
Proposition 1. n

APPENDIX C
PROOF OF LEMMA 1

This lemma is proven by exploiting the unique optimal
solution of uplink max-min SINR problem with total power
through an eigensystem [22]. This problem is iteratively solved
and the optimal receiver filter coefficient U is determined by
solving Problem Ps;. Next, we scale the power allocation at
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(58)

Rkk’

Rkk’

each user such that the per-user power constraints are satisfied.
Let us consider the following optimization problem for a given
receiver filter coefficient U:

Piy : CFF (U, Py) = max min _ SINR}F (U,q),
qr k=1, | K
(55a)
K
subject 0 > qx < P (55b)
k=1

The optimal solution of Problem P;; can be determined by
finding the unique eigenvector of an eigensystem and the
power allocation q satisfies the condition Zszl Q. = Pt [22].
The SINRs of all users defined in (10), can be collectively
written as

1 . ~
§——= —DW (U)§+Do (0), (56)
G (0. ) (0) (0)
. 1 M
where o (U) € C5*1, o) (u) = = 3 GmiYmr and D and
~ m=1
W (U) are defined as
D = dia { !
£ a'Dia,” aflDgug]’
~H&  ~
= u;; Rypuy, k=K,
O] =93 hs o s NEY)
u; Rypruy, +uy Ryprag, k # K

where using (10), lN);€ ﬁkk/ and ﬁkk/ are defined as (58), shown
at the top of this page.
Having both sides of (561) multiplied by 17 T 1., 1]T,
TR Y~ T =
| W = ?ml D¥ (U)q + R1 Do (p),
which can be combined with (56) to define the following
eigensystem:

we obtain

~ B 1 N B
A (U7 RO[) qext = ) qexl’ [qext]K+1 = 17 (58)

C]gp (f-]a Rot
where the extended coupling matrix A (f), Plot) is given by
DT’ (U) Do (U)
L TpeT (0) L 17De (1)

tot tot

A (D, Po) = (59)

The optimal power allocation q is obtained by determining
the eigenvector corresponding to the maximum eigenvalue of
A (U, Py) and scaling the last element to one as follows:

(Nlext - |:(]{| ) A (ﬁa Rot) qexl = /\max (A (ﬁ’ Ptot)) (lext' (60)

Note that the dominant eigenvector can be scaled by any
positive value to satisfy a particular condition. As such,

we further scale q to satisfy the per-user power constraints
as follows:

a1 -
max(q) Phix
q= : ,where q = S (61)
ix 4K
max(q) Pl

where first the ratios between each component of the allocated
power, ¢i,Vk, and the maximum available power, psn]z)x,Vk,
are calculated. Then the power allocation q is obtained by
dividing all components of q by the maximum value among
the components of q, i.e., max(q). In the next iteration,
the same max-min problem is solved with a new total power
constraint obtained by summing up the allocated power to all
users in the previous iteration, i.e., Py = Zkl,{:l qr. At the
convergence, the per-user power constraints are satisfied with
achieving the same uplink SINR for all users. Interestingly,
if this max-min problem is solved with the corresponding total
power constraint, then it will converge to the same optimal
solution of max-min problem with per-user power constraints.
This is due to the property that the eigensystem exploited
to obtain the power allocation in (58) has a unique positive
eigenvalue and a corresponding unique eigenvector. Therefore,
Problems P; and Ps are equivalent and have the same optimal
solution. [ ]

APPENDIX D
PROOF OF THEOREM 3

To achieve the same SINR tuples in both the uplink and the
downlink, the following condition should be satisfied:

SINRP:(U, p) = SINRYP(U, q), Vk. (62)

By substituting uplink and downlink SINRs, in (19) and (18),
respectively, in equation (62) and summing all equations by
both sides, we have
M M K
PLY U Ymi +PR Y U YK = Y gk (63)
m=1 m=1 k=1
Therefore, this condition between the total transmit power
on the uplink and the equivalent total transmit power on the
downlink should be satisfied to realize the same SINRs for all
set of users, which completes the proof of Theorem 3. |
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Abstract— A cell-free massive multiple-input multiple-output
system is considered using a max-min approach to maximize
the minimum user rate with per-user power constraints. First,
an approximated uplink user rate is derived based on channel
statistics. Then, the original max-min signal-to-interference-
plus-noise ratio problem is formulated for the optimization of
receiver filter coefficients at a central processing unit and user
power allocation. To solve this max-min non-convex problem,
we decouple the original problem into two sub-problems, namely,
receiver filter coefficient design and power allocation. The
receiver filter coefficient design is formulated as a generalized
Eigenvalue problem, whereas the geometric programming (GP)
is used to solve the user power allocation problem. Based on
these two sub-problems, an iterative algorithm is proposed,
in which both problems are alternately solved while one of
the design variables is fixed. This iterative algorithm obtains
a globally optimum solution, whose optimality is proved through
establishing an uplink—downlink duality. Moreover, we present a
novel sub-optimal scheme which provides a GP formulation to
efficiently and globally maximize the minimum uplink user rate.
The numerical results demonstrate that the proposed scheme
substantially outperforms the existing schemes in the literature.

Index Terms— Cell-free massive MIMO, max-min resource
allocation, geometric programming, uplink-downlink duality,
convex optimization, generalized eigenvalue problem.
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I. INTRODUCTION

UTURE fifth generation (5G) wireless communication

networks will deliver a wide range of new user services
and dramatically increased data rates. Massive multiple-input
multiple-output (MIMO) has been recognized as one of the
key elements of 5G systems, due to its potential for extremely
high spectral efficiency [1]-[3]. This paper considers cell-free
Massive MIMO which has received much attention recently
because of its potential to ensure uniformly good service
throughput for all users [4]-[8]. Cell-free Massive MIMO is
a combination of distributed MIMO and Massive MIMO, and
there is no cell boundary [4]. It is a scalable version of network
MIMO which is also called coordinated multipoint process-
ing (CoMP) [9], [10]. The distributed access points (APs) are
connected to a central processing unit (CPU) via high capacity
backhaul links [4]. Cell-free Massive MIMO is thus also a
scalable version of the cloud radio access network (CRAN).
In CRAN, there are heavy communication burdens on the
backhaul, and computation burdens on the CPU, as all signal
processing is performed at the CPU [11]. The fog radio access
network (FRAN) [12] can overcome some of the problems
of CRAN. It moves some signal processing functionalities
from the CPU back to the AP, where in this case the APs can
also perform part of the signal processing. Hence, the tasks
required of the CPU can also be reduced. The more processing
is moved to the AP, the less is the burden imposed on
the CPU.

In [4], [6], and [13], the authors propose that the APs design
the linear receivers based on the estimated channels, and that
this is carried out locally at the APs. Hence, the CPU exploits
only the statistics of the channel for data detection. However,
in this paper, we propose to exploit a new receiver filter at the
CPU to improve the performance of cell-free Massive MIMO
systems. The coefficients of the proposed receiver filter are
designed based on only the statistics of the channel, which
is different from the linear receiver at the APs. The proposed
receiver filter provides more freedom in the design parameters,
and hence significantly improves the performance of the uplink
of cell-free Massive MIMO. In other words, the receiver filter
coefficients are designed after exploiting linear detection at
the CPU. Therefore, the uplink problem in the present paper is
different from the problem studied in [4], as in [4], the authors
do not consider the receiver filter coefficients.

1536-1276 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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In this paper, we investigate an uplink max-min signal-
to-interference-plus-noise ratio (SINR) problem in a cell-free
Massive MIMO system. In particular, we propose a new
approach to solve this max-min problem. A similar max-min
SINR problem based on SINR known as SINR balancing in
the literature has been considered for cognitive radio networks
in [14]-[16]. In [17] and [18], the authors consider MIMO
systems and study the problem of max-min user SINR to
maximize the smallest user SINR. Note that the same max-
min problem is investigated in an uplink cell-free Massive
MIMO systems in [4] where user power allocation is utilized
by using a bisection search approach. However, the max-
min SINR problem considered in this paper is different from
the scheme in [4] due to the design parameters (in terms
of receiver filter coefficients and user power allocation) and
solution approach. In particular, the receiver filter coefficients
and power allocation are optimized in the proposed approach
whereas the work in [4] only considered user power allo-
cations. First, we derive the average SINR of the user by
incorporating a matched filtering receiver and formulate the
corresponding max-min SINR problem. This original max-
min problem in terms of receiver filter coefficients and power
allocations is not jointly convex. To circumvent this non-
convexity issue, we decompose the original problem into
two sub-problems, namely, receiver filter coefficient design,
and power allocation. It is shown that the receiver filter
coefficient design problem can be solved through a generalized
eigenvalue problem [19] whereas the user power allocation
problems can be formulated using standard geometric pro-
gramming (GP) [20], [21]. An iterative procedure is proposed
whereby at each iteration, one of the sub-problems is solved
while the other design variable is fixed. To validate the
optimality of the proposed scheme, we show that there exists
an equivalent downlink problem to realize the same user
rate in the uplink with an equivalent total power constraint
and the same receiver filter coefficients. By solving this
equivalent problem, the optimality of the proposed scheme
in the uplink is proved. The problem of uplink-downlink
duality has been investigated in [17] and [22]-[25]. Simulation
results are provided to demonstrate the performance of the
proposed scheme which confirms that the proposed scheme
outperforms the scheme in [4] in terms of achieved user rate.
In addition, we propose a new sub-optimal max-min SINR
scheme using a GP formulation which does not require any
iterative approach as in [4]. The contributions and results are as
follows:

1. To improve the performance of the system, we propose
to use a novel receiver filter, operating at the CPU,
which can be designed based only on the statistics of
the channel. Note that this is different from the linear
matched filtering receiver in [4].

2. The uplink user throughput using the proposed filter
is derived based on channel statistics and taking into
account the effects of channel estimation errors and the
effect of pilot sequences. We propose a novel approach to
solve the uplink max-min SINR problem, decoupling the
original problem into two sub-problems, which are solved
using an iterative algorithm. These sub-problems are
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Fig. 1. The uplink of a cell-free Massive MIMO system with K single-
antenna users and M APs. The solid lines denote the uplink channels and the
dashed lines present the backhaul links from the APs to the CPU.

formulated as GP and a generalized eigenvalue problem,
and both sub-problems are solved at each iteration.

3. We prove that the proposed iterative algorithm provides
the globally optimal solution for the original non-convex
max-min SINR problem. The optimality of the proposed
algorithm is proved through establishing the uplink-
downlink duality for cell-free Massive MIMO.

4. We present a sub-optimal max-min SINR scheme by
formulating it into a standard GP which does not require
an iterative approach and shows the same performance as
in [4].

5. We present the complexity analysis of different schemes.

6. We present numerical results supporting the convergence
analysis and the theoretical derivations of the optimality
of the proposed schemes.

A. Outline

The rest of the paper is organized as follows. Section II
describes the system model, and Section III provides per-
formance analysis. The proposed max-min SINR scheme is
presented in Section IV and the convergence analysis is
provided in Section V. The optimality of the proposed scheme
is proved in Section VI. Section VII investigates a sub-optimal
max-min SINR scheme. Complexity analysis and a proposed
user assignment scheme are presented in Section VIII and
Section IX, respectively. Finally, Section X provides numerical
results while Section XI concludes the paper.

B. Notation

The following notations are adopted in the rest of the
paper. Uppercase and lowercase boldface letters are used for
matrices and vectors, respectively. The notation E{-} denotes
expectation. | - | stands for absolute value. The conjugate
transpose of vector x is x/, and X denotes the transpose
of matrix X. In addition, x ~ CN(0,0?) represents a zero-
mean circularly symmetric complex Gaussian random variable

with variance o2.

II. SYSTEM MODEL

We consider uplink transmission in a cell-free Massive
MIMO system with M single-antenna APs and K randomly
distributed single-antenna users in the area, as shown in Fig. 1.
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The channel coefficient between the kth user and the mth AP,
gmk, 1s modeled as [4]

Imk = V Bkl

where (,,; denotes the large-scale fading and h,,; ~
CN(0,1) represents small-scale fading between the kth user
and the mth AP.

ey

A. Uplink Channel Estimation

In order to estimate channel coefficients in the uplink,
the APs employ an minimum mean-square error (MMSE) esti-
mator. During the training phase, all K users simultaneously
transmit their pilot sequences of length 7 symbols to the APs.
Let /7¢r € C™*1, where ||@x||> = 1, be the pilot sequence
assigned to the kth user. Then, the received signal at the
mth AP is given by

K

Yo, =\/TDp O Gmk®r + W,

k=1

2

where vector w2, € CT™*! is the noise whose elements are
ii.d CN(0,1). Next, the APs exploit the pilot sequence ¢y,
to correlate the received signal with the pilot sequence as
follows [4]:

K
yfn,k :¢kHan = \/TPpGmk + /TPp Z 9mk’¢kH¢k/ + wﬁmkv

k' #k

where “"511@ £ ¢kH wb . The linear MMSE estimate of gy, is

E {gmkyfn’k} _
) Ymk
E{ y'zr)n,k‘ }

K
= Cmk | \/TPpImk+/TPp Z gmk’¢kH¢k’+wﬁlk )

K £k

gmk =

(3)
where c¢,,,;. is obtained as [4]

\/Tppﬁmk
K
TPp D=1 Pk |BF] 1

Note that, as in [4], we assume that the large-scale fad-
ing, Bk, is known. The estimated channels in (3) are used by
the APs to design the receiver filter coefficients and determine
power allocations at users to maximize the minimum rate
of the users. In this paper, we investigate the cases of both
random pilot assignment and orthogonal pilots in cell-free
Massive MIMO. Here the term “orthogonal pilots” refers to the
case where unique orthogonal pilots are assigned to all users,
while in “random pilot assignment” each user is randomly
assigned a pilot sequence from a set of orthogonal sequences
of length 7 (< K), following the approach of [4] and [26].

“)

Cmk =

i1

B. Uplink Transmission

In this subsection, we consider the uplink data transmission,
where all users send their signals to the APs. The transmitted
signal from the kth user is represented by

Tk = /P QkSk; (&)
where s; (E{|sx|?} = 1) and g denote the transmitted

symbol and the transmit power from the kth user, respectively.
Moreover, p refers to the normalized uplink SNR. The received
signal at the mth AP from all users is given by

K
Ym = \/ﬁzgmk\/ﬁsk+nma (6)

k=1

where n.,, ~ CN(0,1) is the noise at the mth AP. In addition,
a matched filtering approach is employed at the APs, in that
the received signal is weighted appropriately. More precisely,
the received signal at the mth AP, y,,, is first multiplied
by g;...- The resulting g,y is then forwarded to the CPU
for signal detection. In order to improve achievable rate,
the forwarded signal is further multiplied by a receiver filter
coefficient at the CPU. The aggregated received signal at the
CPU can be written as

M
T = E umkg:nk Ym
m=1

K M M

= \/ﬁ Z Z umkg;kgmk’\/%sk’ + Z Umkfi:nknm-

k’'=1m=1
(7

By collecting all the coefficients u,,;, V m corresponding
to the kth user, we define w, = [uyy, sk, - ,unk|’ and
without loss of generality, it is assumed that ||ug|| = 1. The
optimal solution for ug,qr, V k for the considered max-
min SINR approach is investigated in Section IV. Similar
to [4], [6], and [13], we assume that the APs are connected to
the CPU via perfect backhaul connections. Such perfect back-
haul links might be established through fiber links between
the APs and the CPU. Moreover, based on [27], copper-
based backhaul links can provide a capacity of 750 Mbits/s
for a maximum distance of 1.5 km between the APs and
the CPU. In [28]-[30], the authors show that exploiting
optimal uniform quantization and wireless microwave links
with capacity 100 Mbits/s [31], the performance of limited-
backhaul cell-free Massive MIMO system closely approaches
the performance of cell-free Massive MIMO with perfect
backhaul links.

m=1

III. PERFORMANCE ANALYSIS

In this section, we derive the achievable rate for the consid-
ered system model by following a similar approach to [4]. Note
that the main difference between the proposed approach and
the scheme in [4] is the new set of receiver filter coefficients
which are introduced at the CPU to improve the achievable
user rate. The benefits of the proposed approach in terms of
the achievable uplink rate are demonstrated by the numerical
results in Section V. In deriving the achievable rate of each
user, it is assumed that the CPU exploits only the knowledge
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of channel statistics between the users and APs in detecting
data from the received signal in (7). Without loss of generality,
the aggregate received signal in (7) can be written as

Tk

M
= /pE { Z umkgzmgmk\/%} Sk
m=1

DSy,

M M
+p Z Umkg:mgmk\/%—E{z Uk G Imk/ Qk}>5k
=1 m=1

BU
K M M

+ Z VP Z Uk Gk Imb /U Sk + Z Unk Gk

K#£k  m=1 m=1

118 P TN

®)

where DSy, and BU, denote the desired signal (DS) and beam-
forming uncertainty (BU) for the kth user, respectively, and
IUI, represents the inter-user-interference (IUI) caused by
the k’th user. In addition, TN}, accounts for the total noise (TN)
following the matched filtering. The corresponding SINR of
the received signal in (8) can be defined by considering the
worst-case of the uncorrelated Gaussian noise as follows [4]:

RY = DSl ©)
k 9 K 2 21"
E{[BUR %+ "1, E{[TULkp |*} +E{[ TN |2}

Based on the SINR definition in (9), the achievable uplink
rate of the kth user is defined in the following theorem:

Theorem 1: By employing the matched filtering approach
at the APs, the achievable uplink rate of the kth user in the
cell-free Massive MIMO system with K randomly distributed
single-antenna users and M single-antenna APs is given
by (10), shown at the bottom of this page. Note that in (10),
we have

Tr = [yiks Y2k, > ark) b (11a)

up = [ulk7u2k7"' 7uM]€]T7 (llb)

A = [’Ylkﬁw 7 Yok Bk L Yk Bk I, (110)
Bk Bar Bark

Ry = diag [yik, Yok, -+ YMk] s (11d)

Dy = diag [Biw ik, Bok Yok, - 5 Buwymr] - (11e)

Proof: Please refer to Appendix A. [ ]

Note that the achievable rate in (10) is a function of only
large-scale fading which changes less often than the actual
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channel. Hence, the rate formula and accordingly the power
coefficients only need to be calculated when the large-scale
fading changes. Therefore, the APs do not need frequently to
update the CPU with the instantaneous channel state and the
user rates will change only when the positions of the users
change. Moreover, in cell-free Massive MIMO, due to the
channel hardening property, detection using only the channel
statistics is nearly optimal [4].

IV. PROPOSED MAX-MIN SINR SCHEME

In this section, we formulate the max-min user-fairness
problem in the cell-free Massive MIMO, where the minimum
uplink rates of all users is maximized while satisfying the
per-user power constraint. This max-min rate problem can be
formulated as the following optimization framework:

Py : max min R’ (12a)
Qi ,Ug k=1,--- K

st |jugl| =1, VEk, (12b)

0<aq <pl, VE, (12¢)

where pr(rﬁ)x is the maximum transmit power available at

user k. From (10), it can be observed that in the denominator
of the expression for the uplink SINR, the power coeffi-
cients qpr, k' # k are coupled with the receiver filter uy.
Therefore, it is not possible to define a new variable w;, =
\/qrug, and solve the problem jointly in terms of uy and gy.
As a result, Problem P; is not jointly convex in terms of
u; and power allocation g, V k. Therefore, this problem
cannot be directly solved through existing convex optimization
software. To tackle this non-convexity issue, we decouple the
original problem P; into two sub-problems: receiver filter
coefficient design (i.e., uy) and the power allocation problem.
To obtain a solution for Problem P, these sub-problems are
alternately solved as explained in the following subsections.

A. Receiver Filter Coefficient Design

In this subsection, we solve the receiver coefficient design
problem to maximize the uplink rate of each user for a given
set of transmit power allocations at all users. By following the
analysis in [17], [22], and [23], the receiver filter coefficients
(i.e., ug, Vk) can be obtained by independently maximizing
the uplink SINR of each user. Therefore, the optimal receiver
filter coefficients for all users for a given set of transmit
power allocations can be determined by solving the following
optimization problem (13a) and (13b), shown at the bottom of
this page.

R =log, | 1+ T (10)
! (Z?’#k G |OF S > A ATl + Sy awDiwr + ;Rk) o
uy! (rikaH) uy
P, : max (13a)

st |jug|] =1, VEk.

K K
e ulf (Zk’;&k G | drr |2A kA + 300y @i D + %Rk) uy

(13b)
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Algorithm 1 Proposed Algorithm to Solve Problem P,

1. Initialize q© = [¢*,¢{”, -+ g} i =1

2. Repeat

Joi=1+1

4. Set ¢ = ¢~V and determine the optimal receiver
coefficients U = [ugz),ugl), e ,u&?] through solving the

generalized eigenvalue Problem P, in (13)
5. Compute q“t1) through solving Problem P in (15)
6. Go back to Step 3 and repeat until required accuracy

Problem P is a generalized eigenvalue problem [19], where
the optimal solutions can be obtained by determining the
generalized eigenvalue of the matrix pair Ay = ku‘kI‘kH and
By = Zg# Q| S b |PAri AL + 2521 G Dy + %Rk
corresponding to the maximum generalized eigenvalue.

B. Power Allocation

In this subsection, we solve the power allocation problem
for a given set of fixed receiver filter coefficients which can
be formulated as the following max-min problem:

P;: max min  SINRYP, (14a)
qk k=1,---,
st 0<qp <pl) . (14b)

Without loss of generality, Problem P; can be rewritten by
introducing a new slack variable as

Py max t, (15a)
t,qk

st. 0< qp <p®) | VE, (15b)

SINRYP > ¢, V k. (15¢)

Proposition 1: Problem Py can be formulated into a stan-
dard GP.
Proof: Please refer to Appendix B. [ ]
Therefore, this problem can be efficiently solved through
existing convex optimization software. Based on these two
sub-problems, an iterative algorithm is developed by alter-
nately solving each sub-problem at each iteration. The
proposed algorithm is summarized in Algorithm 1.

V. CONVERGENCE ANALYSIS

In this section, the convergence analysis of the proposed
Algorithm 1 is provided. Two sub-problems are alternately
solved to determine the solution to Problem F;. At each
iteration, one of the design parameters is determined by
solving the corresponding sub-problem while other design
variable is fixed. Note that each sub-problem provides an
optimal solution for the other given design variable. At the ith
iteration, the receiver filter coefficients u kl), Vk are determined
for a given power allocation q* and similarly, the power
allocation q(”_l) is updated for a given set of receiver filter
coefficients u,(;), Vk. The optimal power allocation q(**1)

obtained for a given u,(;) achieves an uplink rate greater than
or equal to that of the previous iteration. In addition, the power
allocation q*) is also a feasible solution in determining q(*+1)
as the receiver filter coefficients u,(frl), Vk are determined

for a given q(?). This reveals that the achieved uplink rate

monotonically increases with each iteration, which can be also
observed from the simulation results presented in Figs. 8 and 9.
As the achievable uplink max-min rate is upper bounded by
a certain value for a given set of per-user power constraints,
the proposed algorithm converges to a particular solution. For-
tunately, the proposed Algorithm 1 converges to the optimal
solution, as we will prove by establishing the uplink-downlink
duality in the following section.

VI. OPTIMALITY OF THE PROPOSED
MAX-MIN SINR ALGORITHM

In this section, we prove the optimality of the proposed max-
min SINR scheme in Algorithm 1. In general, converting the
original non-convex problem into two sub-problems would
remove the global optimality. However, the global optimality
of the proposed Algorithm 1 can be proved as follows:
first, we show that the solution of the original max-min
Problem P; can be obtained by solving an uplink problem
with an equivalent total power constraint instead of the per-
user power constraint. Then, an uplink-downlink duality is
established by proving that the same SINRs can be achieved
in both the uplink and the downlink with an equivalent total
power constraint. In other words, the same SINRs in the
uplink Problem P; can be realized by solving an equivalent
downlink problem. Finally, we present a bisection approach
to determine the optimal solution of the equivalent downlink
problem. Since both the uplink Problem P; and the equivalent
downlink problem achieve the same SINRs and the solution
of the downlink problem is optimal, it is straightforward to
conclude that Algorithm 1 yields the optimal solution for the
considered uplink max-min SINR problem in P;. The details
of the proof are provided in the following subsections.

A. Equivalent Max-Min Uplink Problem

In this subsection, we show that both Problem P; with per-
user power constraint and the uplink max-min fairness problem
with the total power constraint achieve the same user rate.
In the total power constraint, the maximum available transmit
power is defined as the summation of all users’ transmit power
from the solution of Problem FP;, which can be written as
follows:

K
Po=> (16)
k=1
where ¢, is the power allocated to the kth user obtained by
solving problem P; (Algorithm 1). The equivalent uplink max-
min problem with this total power constraint can be formulated
as follows:

A (17
st |jugl| =1, Vk, (17b)

K
> a <P (17¢)

k=1

Similar to the original Problem P;, Problem P; is not jointly
convex in terms of receiver filter coefficients u; and power
allocation ¢y, Vk. However, we modify Algorithm 1 to incor-
porate the total power constraint in Problem Ps. Similar to the
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alternate optimization approach for Problem P;, Problem P;
is decoupled into receiver filter coefficient design and power
allocation sub problems. The same generalized eigenvalue
problem in Problem Ps is solved to determine the receiver
filter coefficients whereas the GP formulation in P; is adapted
to incorporate the total power constraint (17c). This is a convex
constraint (posynomial function in terms of power allocation)
and the power allocation problem (GP) with the equivalent
total power constraint remains as a convex problem.

Lemma 1: Both the original Problem P, and Problem Ps
vield the same solution with per-user power constraint and
equivalent total power constraint.

Proof: Please refer to Appendix C. [ ]

B. Uplink-Downlink Duality for Cell-Free Massive MIMO

In this subsection, we establish an uplink-downlink duality
for cell-free Massive MIMO systems. In particular, it is shown
that the same SINRs (or rate regions) can be realized for all
users in the uplink and the downlink with the equivalent total
power constraints, respectively [22]-[24], [32]. In other words,
the same set of filter coefficients can be utilized in the uplink
and the downlink to achieve the same SINRs for all users
with different user power allocations. The following theorem
defines the achievable downlink rate for cell-free Massive
MIMO systems:

Theorem 2: By employing conjugate beamforming at
the APs, the achievable downlink rate of the kth user in the
cell-free Massive MIMO system with K randomly distributed
single-antenna users and M single-antenna APs is given
by (18), shown at the bottom of this page.

Proof: This can be derived by following the same
approach as for the uplink in Theorem 1. [ ]
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page. The following Theorem provides the required condition
to establish the uplink-downlink duality for cell-free Massive
MIMO systems:

Theorem 3: By employing matched filtering in the uplink
and conjugate beamforming in the downlink, to realize the
same SINR tuples in both the uplink and the downlink of a
cell-free Massive MIMO system, with the same filter coeffi-
cients and different transmit power allocations, the following
condition should be satisfied:

M K K
2 2 : * c
g g Ymk |wmk| - qr = Ptol"
k=1

m=1 k=1

(20)

where Wy, denotes the (m, k)-th entry of matrix W which is
defined as follows:

W:[\/plulu\/ﬁu27"' 7\/pKuK]' (21)
Proof: Please refer to Appendix D. |

C. Equivalent Max-Min Downlink Problem

In this subsection, we present an optimal approach to solve
the max-min SINR downlink problem with the equivalent total
power constraint. This user-fairness problem can be formulated
as follows:

Ps: max min  RP", (22a)
Pk Uk k=1,--- K
st ||ug|] =1, Yk, (22b)
K
> pe < P (22¢)
k=1

where RPY = log,(1 + SINRRY), and SINRR" is defined
in (18). This problem is difficult to jointly solve in terms
of transmit filter coefficients uy’s and power allocations pg’s.
However, similar to [4], it can be reformulated by introducing

Note that th bol Apg, i 18), is defined . . .
o tha © symbo wh, 10 (18) 1ST ened as a new variable by coupling both of these variables as follows:
Bk ok Bok YMk Btk
Ak’k = . and Tk/k
P Pzt Parre P;: ma min RP- (23a)
denotes the diagonal matrix whose diagonal entries are TOARE k=1,--, koo
Y1k Biks Yor B2k -+ Yasks Bask]. In addition, py, Vk denotes MK
the downlink power allocation for the kth user. Moreover, s.t. Z Z%”’f |wm,€|2 < Pg,. (23b)
the uplink SINR is given in (19), shown at the bottom of this m=1k=1
llkH (ka‘kI‘kH) uy
SINRR" (U, p) = — — — I r— - (18)
Zk/;ﬁk W Pk ¢)k/¢k‘ AN + Dy W p Ly + P
llkH (ku‘kI‘kH) uy
SINRYF (U, q) = - 5 — - : (19)
u! (Zk/;&k Q| B D | Aprr Ap + 30—y Qe Dirr + %Rmk) uy
M K
Ps:omin % ok |wnkl’ (24a)
m=1 k=1
WkH (I‘kI‘kH) Wi
s.t. >t (24b)
2 ]
oW |88 bk |” A i a0 W w2
M K
Yok [wmie|* < Py, (240)

m=1 k=1
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It can be easily shown that Problem P; is quasi-convex,
therefore a bisection approach can be exploited to obtain the
optimal solution for the original Problem P; by sequentially
solving the following power minimization problem for a given
target SINR ¢ at all users (24a)—(24c), shown at the bottom of
this page, where wy, represents the kth column of the matrix W
defined in (21). Second order cone programming (SOCP) can
be exploited to reformulate Problem Fg as a convex one.
More precisely, for a given ¢, Problem Py can be reformulated

as follows:
M K
rewrite : 2
Py min Z:lkz:l%nk [Wimk|™ (25a)
M
F m m
st [[zp]] < 2= LElmme (25b)
Vit
M
D Awl iy < xwk, VK £, (250)
m=1
M
> [ Cwklmwig < oy, VE, (25d)
m=1
M K
SO vk lwmil* < PG (25e)
m=1k=1

where xp/, and 7,/1,%, ;. are slack variables, and [x],, represents
the nth element of vector x. Moreover, we have

z & | X1 Brs X (=Pl 1Pk X (et 1)k D1 P »

o 1
XKk¢K¢kaz/Jlk7 7¢K7€1 \/ﬁ .
It can be seen that (25b) represents second order
cone (SOC) [33]. Hence, Problem Pgewri‘e is a SOCP.
Therefore, the optimal solution for Problem Py can be
derived by extracting the normalized transmit filter coeffi-
cients uy’s and power allocations py’s as

(26)

pi = IIwill?, vk, (27a)
w, = o VE, (27b)
[will

where w;’s are the optimal solution of Problem P;. Note
that constraint (23b) is an equivalent total power constraint
to the per-user power constraint in the original uplink max-
min SINR problem in P;, which is a more relaxed constraint
than the per-user power constraint in P;. However, it is already
shown in the previous sub-section that the same SINRs can
be realized in both the uplink and the downlink with per-
user and the equivalent total power constraints. In addition,
the SINRs achieved in the downlink problem in P; are
optimal and therefore the SINRs achieved in Problem P;
is optimal. Next, let us again consider the uplink max-min
SINR Problems P; and Ps. After solving the uplink max-
min SINR with total power (with the maximum available

power P = Zszl q;, defined in Problem Ps), and solving
the uplink max-min SINR with per-user power constraints
(Problem P;), we observe that the obtained power allocation
for all users (g, Vk) after solving Problem P; and Problem P;
are exactly the same. Moreover, after solving Problem Ps
using the proposed Algorithm 1, it is observed that at least one
of the users always consumes the maximum power (i.e., there
always exists one user with ¢;;, = pgi“;x). However, it is easy
to prove that it is not possible to improve the max-min rate
of the system by increasing the power of other users since
in this case we would have to decrease the power of user
with ¢ = pglex, which decreases the rate of this user, and
hence the max-min rate. This validates the optimality of the
proposed max-min SINR scheme in Algorithm 1.

VII. SUB-OPTIMAL UPLINK MAX-MIN SINR

In this section, we revisit the bisection search based uplink
max-min SINR scheme presented in [4]. First, this bisection
scheme is summarized and then, we propose another approach
to solve this max-min SINR problem by formulating it into a
convex optimization framework. This scheme is developed by
appropriately allocating transmit powers at each user with an
matched filtering technique at the APs. However, no receiver
filter coefficient design has been considered at the CPU to
enhance the uplink rate as in the previous section. The achiev-
able rate of the kth user is derived in (28), shown at the bottom
of this page, where 7y, is the allocated transmit power at user
k [4]. For this scenario, the uplink max-min SINR problem
can be formulated as the following max-min problem:

. . UP
Py : g}%}é Inkln R, (29a)
st. 0<n <plk) (29b)

A. Bisection Search Method

In this subsection, we present the bisection search method
for this quasi-linear problem. As this problem cannot be
directly solved in this present form, a series of power min-
imization problems is solved by setting the same target rate
for all users and the corresponding target rate is modified in the
next iteration according to the feasibility or infeasibility of the
power minimization problem at each iteration. The feasibility
of the following power minimization problem is verified for
a given target SINR ¢ at all users in each iteration of the
bisection search [4]:

R =1+

P
K M ,
POk k Ik (Zm:l Vmk %"T';) |84 b1

K
P : mi 30
10 ¢ min ;ﬁk, (30a)
st 0<nm <p®) Yk, (30b)
K M B 2 ,
Py e <Z 'Ymk_ﬁm ) b i |t
s m=1 mk
2
Pk (Zi\f:l 'Ymk)
(28)

2 K M M
+ ka/ZI Tk’ Zm:l F)/mkﬁmk’ + Zm:l Ymk
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Algorithm 2 Bisection Search Method to Solve Problem Py

1. Initialize ¢nin, tmax and €
2. Solve Problem P4, defined in (30), with ¢t = %
3. Repeat
4. If Problem P is feasible, then ¢, = ¢
5. Else, tmax =t
6. Repeat until (tmax — tmin) < €
K M M
+ 1% Z Nk’ Z mGﬁmk/t_F Z F)/mkt
k'=1 m=1 m=1

(30c)

M 2
< Pk <Z'Ymk> , k.
m=1

In this bisection search approach, first an upper and lower
bounds of the achievable SINR are set to ¢, and pmin,
respectively and the initial target SINR ¢ is chosen as (tmax +
tmin)/2. If Problem P is feasible for a given target SINR ¢,
then the lower bound ¢,,;, will be set to ¢ and a new target
SINR is chosen as (¢max + tmin)/2 for the next iteration. This
procedure is continued until the difference between the upper
and the lower bounds is smaller than a predefined threshold e.
This bisection search method based uplink max-min SINR
scheme is summarized in Algorithm 2. Note that based on
the analysis in [17], the bisection search method provides the
optimal solution. In the rest of this section, we show that
Problem P can be reformulated as a standard GP, which does
not require an iterative bisection search to find the optimal
solution.

B. Proposed Sub-Optimal Scheme

In this subsection, we exploit GP (convex problem) to
develop an efficient solution for Problem Py defined in (29).
As mentioned in previous subsection, Problem Py cannot be
directly solved through the optimization software. Consider
the following optimization problem:

P max t, (31a)
2l
st. 0<n, <p® | VE, (31b)
SINRYP > ¢, V k. (3lc)

Proposition 2: Problem Py can be reformulated into a GP.
Proof: The standard form of GP is defined in Appendix B.
The SINR constraint in (31c) can be reformulated into the
posynomial function. Following a simple transformation,
the SINR constraint in (31c) can be represented by the
following inequality:

K K
_ 1
met | D ememe Y fremw + 1| < 5 (32)

t?
K £k k=1

where
2

M B )2
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TABLE I
COMPUTATIONAL COMPLEXITY OF DIFFERENT PROBLEMS

Problems Required arithmetic operations
Problem P,, given by (13) O(KM?)
p
Problem P, given by (15) O(K?2)

Problem P, given by (30) logz(w) O(K*)

Problem P;;, given by (31) O(K%)
M
fuse = Lz i, (33b)
(Evﬁ:l mG)
M
Ty = M (33c)

2
M
4 (} :m:1 mG)

The transformation in (32) demonstrates that the left-hand side
of (32) is a posynomial function. Hence, Problem P;; is a
standard GP, which completes the proof of Proposition 2. B
Based on Proposition 2, the objective function and constraints
of Problem P;; are monomial and posynomials functions in
terms of power allocaitons 7;s. Hence, Problem P;; is a
standard GP, and can be efficiently solved through convex
optimization software. Simulation results are provided to show
that both bisection and GP based sub-optimal schemes achieve
the same user rate for all users.

VIII. COMPLEXITY ANALYSIS

Here, we provide the computational complexity analysis for
the proposed Algorithm 1, which solves a generalized eigen-
value problem P, and a GP (convex optimization problem) P,
at each iteration. For the receiver filter coefficient design in P,
given by (13), an eigenvalue solver requires approximately
O(K M?) flops [34], [35]. Note that the complexity analysis
of an eigenvalue solver takes into account the matrix inversion
as well. In addition, a standard GP in Problem Py, defined
in (15), can be solved with complexity equivalent to O(K %)
[36, Ch. 10]. The proposed sub-optimal scheme in Section VII
solves a GP in Problem P;q, defined in (31), which can be
solved with O(K %) [36, Ch. 10]. However, for the scheme
in [4], the iterative bisection search method in Algorithm 2
solves a SOCP at each iteration. The complexity of SOCP is
O(K*?) in each iteration [37], [38]. Note that the total number
of iterations to solve Problem P via a bisection search method
is given by log, (twax—tmin) where € refers to a predetermined
threshold [33]. The number of arithmetic operations required
for Algorithm 1, Algorithm 2, and the proposed sub-optimal
scheme are provided in Table I.

IX. PROPOSED USER ASSIGNMENT SCHEME

In practice, the total backhaul capacity required between the
mth AP and the CPU increases linearly with the total number
of users served by the mth AP, which motivates the need to
pick a proper set of active users for each AP [28]. In [28],
we proposed a user assignment algorithm which can reduce
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the required capacity of backhaul link by assigning a limited
number of users to each AP, however, this paper assumes
perfect backhaul links. Hence, for simplicity we assume here
that only th,,, % of the total number of users can be supported
by the mth AP. Hence, we have

K, < (th—me), (34)

100

where K, denotes the size of the set of active users for the
mth AP. First, we find an upper bound on the size of the set of
active users for each AP. In the next step, we propose for all
APs that the users are sorted according to 3k, Vk, and find
the K, users which have the highest values of [3,,, among
all users. If a user is not selected by any AP, we propose to
find the AP which has the best link to this user. Then, we add
the user to the set of active users for this AP and drop the
user which has the lowest (,,;, Vk, among active users for
that AP which have links to other APs as well. We next solve
the original max-min SINR problem with 7,5 < vk, Where
Ymk 1S given by

- {%nk, m € Sk
Ymk =

. (35)
0, otherwise,

where S, refers to the set of active APs for the kth user. Note
that optimum user assignment scheme can be considered in
future work.

X. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide numerical simulation results
to validate the performance of the proposed max-min SINR
scheme with different parameters. A cell-free Massive MIMO
system with M APs and K single-antenna users is considered
in a D x D simulation area, where both APs and users are
uniformly located at random. In the following subsections,
we define the simulation parameters and then present the
corresponding simulation results.

A. Simulation Parameters
The channel coefficients between users and APs are
modeled in (1) where the coefficient 3, is given by [4]
Osh Zmk

where PL,,; is the path loss from the kth user to the mth AP
and the second term in (36), lﬂui%m&, denotes the shadow
fading with standard deviation og, = 8 dB, and z,,; ~
N(0,1). In the simulation, an uncorrelated shadowing model
is considered and a three-slope model for the path loss is given
by [4], [39]

—L — 35logyo(dmk ), Amp > d1,

PL,.;; = ¢ —L —15log;o(d1) —201ogo(dmk), do <dmip<di,
—L — 15log,o(d1) — 201logo(do), dmk < do,

(37

and L = 46.3 4+ 33.9log,,(f) — 13.82logyy(hap) —

(L.1logyo(f) — 0.7) by + (1.561log;o(f) — 0.8), where f
denotes the carrier frequency (in MHz), hsp and hjy repre-
sent the AP antenna height (in m) and user height (in m),
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Fig. 2. The cumulative distribution of the min uplink rate, with orthogonal
and random pilots for M = 120, K =30 and D =1 km?2.
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Fig. 3. The cumulative distribution of the min uplink rate, with orthogonal
and random pilots for M = 120, K =30 and D =1 km?2.

respectively. The noise power is given by p, = BW x kp X
To x W, where BW = 20 MHz denotes the bandwidth,
kp = 1.381 x 10723 represents the Boltzmann constant, and
Ty = 290 (Kelvin) denotes the noise temperature. Moreover,
W =9 dB, and denotes the noise figure. It is assumed that that
Dp and p denote the pilot sequence and the uplink data powers,
respectively, where p, = 22 and p = 2 In simulations,
we set p, = 200 mW andnﬁ = 200 mW. Similar to [4],
we assume that the simulation area is wrapped around at the
edges which can simulate an area without boundaries. Hence,
the square simulation area has eight neighbours. We evaluate
the average rate of the system over 300 random realizations
of the locations of APs, users and shadow fading. Furthermore,
to consider the channel estimation overhead in our compari-
son, we exploit the net throunglput of the system which is

defined as [4] Ryex = BW 5 "= Ry, where 7. represents the
coherence interval in samples.

B. Simulation Results

1) Performance of the Proposed Max-Min SINR Algorithm:
In this subsection, we evaluate the performance of the pro-
posed uplink max-min SINR scheme. To assess the perfor-
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Fig. 5. The cumulative distribution of the min uplink rate with proposed
user assignment scheme in Section IX, with orthogonal and random pilots for
M =120, K = 30, K, = 20,¥m, and D = 1 km?2.

mance, a cell-free Massive MIMO system is considered with
120 APs (M = 120) and 30 users (K = 30) who are randomly
distributed over the simulation area of size 1 x 1 km?. Fig. 3
presents the cumulative distribution of the achievable uplink
rates for the proposed Algorithm 1 and the scheme in [4], for
the cases of orthogonal and random pilots. As seen in Fig. 3,
the performance of the proposed scheme is almost three times
than that of the scheme in [4]. Next, the performance of the
algorithm is evaluated for a system with 150 APs (M = 150)
and 50 users (K = 50).! Fig. 4 similarly compares the rate of
the proposed algorithm with the scheme in [4]. The simulation
results in Figs. 3 and 4 show that the proposed Algorithm 1
achieves more than double the 10% outage capacity compared
to the scheme in [4]. Moreover, Figs. 3 and 4 demonstrate
that the rate of the proposed max-min SINR approach is more
concentrated around the median value.

2) User Assignment: In this subsection, the performance of
the proposed uplink max-min SINR scheme with the proposed
user assignment scheme in Section IX is investigated. We set

'The analysis in [40] demonstrates that in the limit of Massive MIMO
(M,K — oo and a = %), when « > 4, linear precoding is “virtually
optimal”, and can be used instead of dirty paper coding (DPC). In this paper,

we consider the two cases o = % =4 and a = 1550
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Fig. 6. The cumulative distribution of the min uplink net throughput, with
orthogonal and random pilots for M = 120, K = 30, D =1 km? and
Te = 200.

120 APs (M = 120) and 30 users (K = 30), and assume
66.66% of the total number of users can be supported by
each AP. Based on the analysis in Section IX, this results
in a total number of users supported users by each AP of
K,, = 20,Vm. Fig. 5 presents the cumulative distribution of
the achievable uplink rates for the proposed Algorithm 1 and
the scheme in [4] with the proposed user assignment algorithm
in Section IX, for the cases of orthogonal and random pilots.
As seen in Fig. 5, the performance of the proposed scheme is
significantly better than that of the scheme in [4]. In addition,
it can be observed from figure that the rate of the proposed
Algorithm 1 is more concentrated around the median. Inter-
estingly, by comparing the results in Figs. 3 and 5, the perfor-
mance degradation is negligible exploiting the proposed user
assignment scheme whereas based on the analysis in [28],
the backhaul rate is significantly reduced.

3) Performance of the Proposed Sub-Optimal Scheme:
In this subsection, we study the effect of the proposed sub-
optimal scheme on the system performance. Fig. 6 com-
pares the cumulative distribution of the achievable uplink
net throughput for our proposed sub-optimal scheme with
scheme in [4]. In order to generate the numerical results
for the scheme in [4], the iterative bisection search method
in Algorithm 2 is used whereas the proposed sub-optimal
scheme solves the standard GP with polynomial time com-
plexity. In Fig. 6, the same cell-free Massive MIMO system is
considered with 120 APs (M = 120) and 30 users (K = 30).
Figs. 6 and 7 compare the performance of the proposed
sub-optimal approach with the scheme in [4] for different
system parameters. As evidenced from these numerical results,
both proposed GP approach and the bisection search scheme
in [4] shows the same performance in terms of the achieved
user rate. However, the scheme in [4] is developed through
iterative bisection search in which a SOCP is solved at each
iteration, whereas the proposed GP approach does not require
any iterative methods and solves the problem with polynomial
time complexity.

4) Convergence: Next, we provide simulation results to
validate the convergence of the proposed algorithm for a set
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Fig. 9. The convergence of the proposed max-min SINR approach
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of different channel realizations. These results are generated
over the simulation area of size 1 x 1 km? with random and
orthogonal pilot sequences. Fig. 8 investigates the convergence
of the proposed Algorithm 1 with 120 APs (M = 120)
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Fig. 10. The cumulative distribution of the min uplink rate for the

original problem with per-user power constraint (Problem P;), the equivalent
uplink problem with total power constraint (Problem Ps), and the equivalent
downlink problem (Problem Pg), with orthogonal and random pilots for
M =120, K =30 and D = 1 km.
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Fig. 11. The cumulative distribution of the min uplink rate for the
original problem with per-user power constraint (Problem P), the equivalent
uplink problem with total power constraint (Problem Ps), and the equivalent
downlink problem (Problem Fg), with orthogonal and random pilots for
M =150, K =50 and D = 1 km.

and 30 users (K = 30) and orthogonal pilot sequences,
whereas Fig. 9 demonstrates the convergence of the proposed
Algorithm 1 for the case of M = 150 APs and K = 50. The
figures confirm that the proposed algorithm converges after a
few iterations, while the minimum rate of the users increases
with the iteration number.

5) Uplink-Downlink Duality in Cell-Free Massive MIMO
System: Here, the simulation results are provided to support
the theoretical derivations of the uplink-downlink duality and
the optimality of Algorithm 1. It is assumed that users are
randomly distributed through the simulation area of size
1 x 1 km? Figs. 10 and 11 compare the cumulative dis-
tribution of the achievable uplink rates between the original
uplink max-min problem (Problem P;), the equivalent uplink
problem (Problem Ps) and the equivalent downlink problem
(Problem Fs). In Fig. 10, the minimum uplink rate is obtained
for a system with 120 APs (M = 120) and 30 users
(K = 30) whereas Fig. 11 presents the same results for
150 APs (M = 150) and 50 users (X = 50). The simulation
results provided in Figs. 10 and 11 validate our result that
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the problem formulations Py, Ps and Fs are equivalent and
achieve the same minimum user rate. In addition, these results
support our result on the uplink-downlink duality for cell-free
Massive MIMO in Section VI and the proof of optimality of
Algorithm 1.

XI. CONCLUSIONS

We have considered cell-free Massive MIMO which has
the potential to meet the capacity requirements of 5G. Com-
pared to the collocated Massive MIMO, the distributed version
brings the APs much closer to the “cell edge” users, which
leads to a uniformly good service for all users. We have
investigated the uplink max-min SINR problem in cell-free
Massive MIMO systems and proposed an optimal solution
to maximize the minimum uplink user rate. To realize the
solution, the original max-min problem was divided into two
sub-problems which were iteratively solved by formulating
them respectively as a generalized eigenvalue problem and
as GP. The optimality of the proposed solution has been
validated by establishing the uplink-downlink duality for cell-
free Massive MIMO systems. Next, a novel sub-optimal
scheme was developed through formulating the max-min
power allocation problem as a standard GP, which efficiently
and globally solves the max-min SINR problem. Simulation
results have been provided to demonstrate the effectiveness
and the optimality of the proposed schemes in comparison
with the existing schemes. In addition, these results con-
firm that the proposed max-min SINR algorithm can signif-
icantly improve the uplink user rate, compared to existing
algorithms.

APPENDIX A
PROOF OF THEOREM 1

The desired signal for user k is given by

M M
DS, = /pE { > kG G/ G } = PGk Y, Umk V-

m=1 m=1
(38)
Hence,
o 2
IDSK|* = pas (Z ummmk> : (39)
m=1
Moreover, the term E{|BUj|*} can be obtained as
E{BUL}
M
= pE{ > Uk G Gmi /T
m=1
o 2
—pE { Z Umkﬁfnkgmk\/q_k}
m=1
M
. i 2
=Y avd (E{1g7xgms — E{Gh0mi} )
m=1

M

= Pqk Y Ul Ymk Bk, (40)

m=1
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where the last equality comes from the analysis in
[4, Appendix A], and using the following fact that; v, =

E{|gmk|*} = /TPpBmiCmi. The term E{|ULy,[*} is
derived as
E{[TUT [*}
M 2
= pE Z Uk G Gmbk k'
m=1
M
= pIE{ Z CmkUmkYmk' / Qk’
m=1
K *|2
X <\/ TPp Z 9mi¢kH¢i+¢anp,m>
i=1
M 2
=p Qk/E Z kaumkgmk’ﬁrnk
m=1

2

=1 1=1

A
M K *
+ pmpp E qr Lz: CrnkUmkGmk/ <Z gmi¢kH¢i>

7 )
where the third equality in (41) is due to the fact that for
two independent random variables X and Y and E{X} =
0, we have E{|X + Y|’} = E{|X|*} + E{|Y|*} [4]. Since
Mok = ¢anp7m ~ CN(0,1) is independent of the term gz,
the term A in (41) is given immediately by

M
2 2
A= qp E Cone U Bk -

(42)
m=1
The term B in (41) can be obtained as
M 2
2
B=1ppqE Q| D coktimi [gmir|* S S0
m=1
c 12
M K
+ Tpqu’E Z CmkUmkYmk’ Z gmz¢kH¢z
m=1 ik
i (43)

The first term in (43) is given by
2

M
2
C = 7ppaES | Y conktioni |gmir |* SF b
m=1
2
= 27py i |OF Z ot Uit Bomg + TDp Gk
m=1
5 M M
2 2
E kH¢k’ Z Z CmkCnkUmkUnk |gmk’| |gnk’|
m=1ln#m
9 M
H 2 2 2
= TPpqk |P), Prr Z CrnkUmkPmk
m=1
2 (& Bk i
+ qk’ ¢£{¢k’ Z umk’Yka 5 (44)
m—1 Bmk
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where the last equality is derived based on the fact v, =
/TDpPBmiCmi- The second term in (43) can be obtained as

* 2
M

K
D=7pyqE Z Conk Uik Gk Z Imi®r b
iR

m=1

S 2 2 H |2
= TPp Z Z qk/cmkumkﬁmk’ﬂmi ‘¢k} ¢z’ .

m=1 ik’

(45)
Hence, (41) can be written as

M
E{|IUIkk/|2} = qx Z Corak e Bk
m=1

Cy

) M
2 2 2
kaumkﬁmk/

m=1

M K
+ TPpQi Z Z Coat e Bt B |91 b

m=1i£k’

M 2
2 ﬁmk’
Z UmkYmk 6— )
m—1 'mk

O b1

+ TPpqk

‘ 2

O b

Qi (46)

and

) M
§ 2 2 2
CnkWmkPmk’

m=1

M M
+ TPpqk’ Z Z Cfnkufnkﬁmk’ﬁmi ‘¢£{¢z

m=1i£k’

i b

Cy = TPpAk’

Y

Cs
For the last term of (47), we have
M K

Cs = Tppqw Z Z Co U Bk B | OF B

m=1i£k’

M K
TPpqk! ( Z u?nkcmkﬁmk’ Z kaﬁmi }¢£{¢1’2

i=1
2)

M M
vV TPpqk' Z u?nkcmkﬁmk’ﬂmk — gk’ Z ugnkcfnkﬁmk/

m=1

M
2 2
— TPpqk’ Z umkcmkﬁmk/

m=1

‘ 2

m=1

M
H
- Z u?nkcgnkﬂmk/ }451@ Py

m=1

m=1

2

o b |, (48)

where in the last step, we used equation (4). As a result,
M

Ci+Co = /TPpi’ Do u? ok Bmk Bmk- Then finally
we have

M
E{ UL *} = par <Z ufnkﬁmk/vmk>
m=1
M 2
(2 e
m=1 e Bmk

(49)

¢ bi

+ Pqk!

The total noise for user k is given by

M 2
A%
E Umk G m
m=1

E{|TNk|2}:E

M
_ 2
- Uk Ymk
m=1

(50)

where the last equality is due to the fact that the terms g,k
and n,, are uncorrelated. Finally, by substituting (39), (40),
(49) and (50) into (9), SINR of kth user is obtained by (10).
which completes the proof of Theorem 1. |

APPENDIX B
PROOF OF PROPOSITION 1

The standard form of GP is defined as follows [33]:

Py min fo(x), (S1a)
S.t. fi(x)glu Z:]w ,m, gl(x)::l? Z:]*: 2
(51b)

where fy and f; are posynomial and g; are monomial func-
tions. Moreover, X = {x1, -+ ,x, } represent the optimization
variables. The SINR constraint in (15c) is not a posynomial
function in its form, however it can be rewritten into the
following posynomial function:

2
ukH(Z@qu« T RV-NSYY.NCVED Sy Y e +%Rk)uk

ukH (Qk I‘k FkH) ug

< % Vi, (52)

By applying a simple transformation, (52) is equivalent to the
following inequality:

K K 1
-1

g akk Qi + g berraqr +cx | < —,
qy kk' gk kk'qk k n

(53)
k' 2k =1
where
2

uy! ()¢kH¢kf Akk/Aka/) uy, a0
Ak’ = ) a

u? (I‘kI‘H) u

k k k

Yy, HR

b = —b—TE o= SRR (sap)

ukH (I‘kI‘kH) uy pukH (I‘kI‘kH) uy

The transformation in (53) shows that the left-hand side
of (52) is a posynomial function. Therefore, the power
allocation problem Pj is a standard GP (convex problem),
where the objective function and constraints are monomial
and posynomial, respectively, which completes the proof of
Proposition 1. [ ]

APPENDIX C
PROOF OF LEMMA 1

This lemma is proven by exploiting the unique optimal
solution of uplink max-min SINR problem with total power
through an eigensystem [22]. This problem is iteratively solved
and the optimal receiver filter coefficient U is determined by
solving Problem Ps. Next, we scale the power allocation at
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Ry

Ry

each user such that the per-user power constraints are satisfied.
Let us consider the following optimization problem for a given
receiver filter coefficient U:

Py CFF (U,P[ot):rrézsx k:rll}_i_r_lyK SINR}" (U, q),
(55a)

K
subject o > gx < P (55b)

k=1

The optimal solution of Problem P;; can be determined by
finding the unique eigenvector of an eigensystem and the
power allocation q satisfies the condition Zszl qr = Pt [22].
The SINRs of all users defined in (10), can be collectively
written as

- 1

—— = D¥ (U)q+Do (U
oo, p P WP (U,

(56)

where o (fJ) € CEXL oy (ug) =

N (fJ) are defined as

M
= > UmkYmkr and D and
m=1

1
D = dia -~ Sy ,
£ |:l~l{iD11~11 U%DKUK
i Ry, k=kK,

[‘I’ (ﬁ)]kk' - { (57)
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where using (10), ﬁk likk/ and likk/ are defined as (58), shown
at the top of this page.
Having both sides of (561) multiplied by 17 T 1, l]T,
1 TH T\~ T -
| TR ml DW¥ (U)q + R1 Do (p),
which can be combined with (56) to define the following
eigensystem:

we obtain

N - 1 - ~
A (U7 PtOl) Qext = ) Qextr [qext]KJrl = 17 (58)

C][gjp (ﬁa Plot
where the extended coupling matrix A (ﬁ, Plot) is given by
X DT’ (U) Do (U)
AD Pa) = | L jrpgr (U) —1"Do (0)

tot tot

(59)

The optimal power allocation q is obtained by determining
the eigenvector corresponding to the maximum eigenvalue of
A (U, Ptol) and scaling the last element to one as follows:

(lext = |:(11:| , A (fja Rot) (lexl = Amax (A (fj, Rot)) (lexr (60)

Note that the dominant eigenvector can be scaled by any
positive value to satisfy a particular condition. As such,

we further scale q to satisfy the per-user power constraints
as follows:

& s
max(q) pr(nla)x

q= : ,where q = I (61)
s s
max(q) p[(nlfx)

where first the ratios between each component of the allocated
power, Gi,Vk, and the maximum available power, pl(nl?x,Vk,
are calculated. Then the power allocation  is obtained by
dividing all components of q by the maximum value among
the components of q, i.e., max(q). In the next iteration,
the same max-min problem is solved with a new total power
constraint obtained by summing up the allocated power to all
users in the previous iteration, i.e., Pt = Zszl qr. At the
convergence, the per-user power constraints are satisfied with
achieving the same uplink SINR for all users. Interestingly,
if this max-min problem is solved with the corresponding total
power constraint, then it will converge to the same optimal
solution of max-min problem with per-user power constraints.
This is due to the property that the eigensystem exploited
to obtain the power allocation in (58) has a unique positive
eigenvalue and a corresponding unique eigenvector. Therefore,
Problems P, and Ps are equivalent and have the same optimal
solution. |

APPENDIX D
PROOF OF THEOREM 3

To achieve the same SINR tuples in both the uplink and the
downlink, the following condition should be satisfied:

SINRP(U, p) = SINR}F(U, q), V. (62)

By substituting uplink and downlink SINRs, in (19) and (18),
respectively, in equation (62) and summing all equations by
both sides, we have

M M K
PLY  URYmi PR Y U YmK = Y gk (63)
m=1 m=1 k=1

Therefore, this condition between the total transmit power
on the uplink and the equivalent total transmit power on the
downlink should be satisfied to realize the same SINRs for all
set of users, which completes the proof of Theorem 3. [ ]
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