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Abstract— A mixed quality-of-service (QoS) problem is investi-
gated in the uplink of a cell-free massive multiple-input multiple-
output system where the minimum rate of non-real time users
is maximized with per user power constraints while the rates of
the real-time users (RTUs) meet their target rates. The original
mixed QoS problem is formulated in terms of receiver filter
coefficients and user power allocations, which can iteratively
be solved through two sub-problems, namely, receiver filter
coefficient design and power allocation. Numerical results show
that, while the rates of RTUs meet the QoS constraints, the 90%-
likely throughput improves significantly, compared with a simple
benchmark scheme.

Index Terms— Cell-free massive MIMO, geometric program-
ming, max-min SINR, QoS requirement.

I. INTRODUCTION

HE forthcoming 5th Generation (5G) wireless networks

will need to provide greatly improved spectral efficiency
along with a defined quality of service (QoS) for real-time
users (RTUs). A promising 5G technology is cell-free massive
multiple-input multiple-output (MIMO), in which a large num-
ber of access points (APs) are randomly distributed through
a coverage area and serve a much smaller number of users,
providing uniform user experience [1]. The distributed APs
are connected to a central processing unit (CPU) via high
capacity backhaul links [1]-[3]. The problem of cell-free
massive MIMO with limited backhal links has been considered
in [4] and [5]. Different from previous work, in this paper,
we investigate a mixed QoS problem in which a set of
RTUs requires a predefined rate and a max-min signal-to-
interference-plus-noise ratio (SINR) is maintained between
the non-real time users (NRTUs). The RTUs are defined as
the users of real time services such as audio-video, video
conferencing, web-based seminars, and video games, which
result in the need for wireless communications with mixed
QoS [6]. The specific contributions of the letter are as follows:
1. An approximated SINR is derived based on the channel
statistics and exploiting maximal ratio combining (MRC)
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at the APs. We formulate the corresponding mixed QoS
problem with a fixed QoS requirement for RTUs, which
need to meet their target SINRs, whereas the minimum
SINRs of the remaining users should be maximized.

2. The mixed QoS problem is not jointly convex. We pro-
pose to deal with this non-convexity issue by decoupling
the original problem into two sub-problems, namely,
receiver filter coefficient design and power allocation.

3. It is shown that the receiver filter design problem can
be solved through a generalized eigenvalue problem [7]
whereas the user power allocation problem can be formu-
lated using standard geometric programming (GP) [8].

II. SYSTEM MODEL

We consider uplink transmission in a cell-free massive
MIMO system with M randomly distributed APs and K ran-
domly distributed single-antenna users in the area. Moreover,
we assume each AP has IV antennas. The channel coefficient
vector between the kth user and the mth AP, g, ., € CNx1
is defined as g,,, = /Bmirhmi, where 3, denotes the
large-scale fading and h,,,;, ~ CN(0, 1) represents small-scale
fading between the kth user and the mth AP [1]. All pilot
sequences used in the channel estimation phase are collected
in a matrix & € C™*X, where 7 is the length of pilot
sequence for each user, and the kth column, ¢y, represents
the pilot sequence used for the kth user. The minimum mean
square error (MMSE) estimate of the channel coefficient vector
between the kth user and the mth AP is given by [1]

K
8nk = Cmk | V/TPpEmit\/TPp Z 2k 0Dk + Wy mi |

K #k
(D

where each element of W, ,,,, wpm ~ CN(0, 1), denotes the
noise sequence at the mth antenna, p,, represents the normal-

ized signal-to-noise ratio (SNR) of each pilot symbol, and

\/Tppﬁmk I :

. In this letter
. . TPp Zflzll gmk/|¢}5/¢k‘?+l i
we consider uplink data transmission, in which all users send

their signals to the APs. The transmitted signal from the kth
user is represented by xj, = \/qr sk, where si (E{|sk|?} = 1)
and ¢ denote the transmitted symbol and the transmit power
at the kth user. The N X 1 signal received at the mth AP from
all users is given by y,, = \/p Zszl €,.6\/ Ak Sk + Ny, Where
each element of n,,, € CN*! n, .. ~ CN(0,1), is the noise
at the mth AP and p refers to the normalized SNR.

Cmik 18 given by ¢ =

III. PERFORMANCE ANALYSIS

In this section, in deriving the achievable rate of each user,
it is assumed that the CPU exploits only the knowledge of
channel statistics between the users and APs in detecting data
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from the received signal in (2). The aggregated received signal
at the CPU can be written as

M
o= ok (803 ). @
m=1
By collecting all the coefficients u,,;, V m, corresponding to
the kth user, we define uy = [u1g, ugg, -+, unk)? . To detect

sk, with the MRC processing, the aggregated received signal
in (2) can be rewritten as

M
) =+/pE { > Uiy Bk \/Qk} Sk
m=1

DSy

M M
+\/ﬁ ( Z umkggkgmk V 4k _E{Z umkggkgmk Vv 4k }) Sk
m=1 m=1

BUg

M

K M
+ Z \/ﬁ Z umk’gikgmk/\/q_ksk’ + Z umk’ggknm; 3)

k'£k  m=1 m=1

UL,/ TNk

where DSj; and BUj denote the desired signal (DS) and
beamforming uncertainty (BU) for the kth user, respectively,
and IUI. represents the inter-user-interference (IUI) caused
by the k’th user. In addition, TNy accounts for the total
noise (TN) following the MRC detection. The corresponding
SINR can be defined by considering the worst-case of the
uncorrelated Gaussian noise as follows [1]:

_ DS |?
E {|BUL|2} + 30, E{[IULe[2} + E{ TN [2}
4

Based on the SINR definition in (4), the achievable uplink rate
of the kth user is given in the following theorem:

Theorem 1: The achievable uplink rate of the kth user in the
cell-free massive MIMO system with K randomly distributed
single-antenna users and M APs is given by (5) (defined at
the bottom of this page).

SINRj,
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RTUs’ SINR target constraints. We assume users 1,2,--- , K3
are RTUs. The mixed QoS problem is given by
P, : max min Ry, (6a)
gk u k=Ki+1,--- K
subject to 0 < g, < p{F) . Vk, (6b)
SINRY? > SINRL, k=1,---,K; (6c)

where pfna)x is the maximum transmit power available at user

k, and SINR! denotes the target SINR for the kth RTU.
Problem P is not jointly convex in terms of uy and the power
allocation gy, Vk. Therefore, it cannot be directly solved
through existing convex optimization software. To tackle this
non-convexity issue, we decouple Problem P; into two sub-
problems: receiver coefficients design (i.e. uy) and the power
allocation problem, which are explained in the following
subsections.

1) Receiver Filter Coefficient Design: In this subsection,
the problem of designing the receiver coefficients is con-
sidered. These coefficients (i.e., ug, V k) are obtained by
interdependently maximizing the uplink SINR of each user.
Hence, the optimal receiver filter coefficients can be obtained
through solving the following optimization problem:

Ps : max
ug
NQUkI,{ (ku‘kl"kH)uk
H K H 12 H K N '
u szk/7ngk’bk ¢k’| Akk'Akkf-f-NEk/:lCJk'Tkk'—i—;Rk ug

)

Problem P is a generalized eigenvalue problem [7], for which

the optimal solutions can be obtained by determining the gen-

eralized eigenvector of the matrix pair Ay = N quI‘kI‘kH and
K K

By = N2 300 i |6f dur |2 Aserr A +N Yy ai Yoo +

—Rj; corresponding to the maximum generalized eigenvalue.

2) Power Allocation: Next, we solve the power allocation
problem for a given set of fixed receiver filter coefficients, uy,
V k. The optimal transmit power can be determined by solving
the following mixed QoS problem:

Proof: Please refer to the appendix. [ | P max . _ Kﬁiln... e SINR;, (8a)

Note that in (5), wx = [uik,uak, - ,umk|’, and the , C *)
following equations hold: Ty = [Yik, Y2k, * s Yark] L s Yok = subject to 0 < qué Pmax; . vk, (8b)
VToPpBmkCmks Yrr = diag|Siw ik, -+, BMmrYMk|s SINR,™ = SINRy,, b =1,---, Ky (&)
YikBik Yok Bors Yok Btk Note that the max-min rate problem and max-min SINR
A = | Bk Bor T Btk J", and R, = problem are equivalent. Without loss of generality, Problem Ps

diag [1, -, ark), and g = E {|§mk|2} — \/TPpBmkCmp. AN be rewritten by introducing a new slack variable as

Py : max t, (92)

IV. PROPOSED MIXED QOS SCHEME t,qr, "

j < <
We formulate the mixed QoS problem, in which the min- subject to 0 < q[ij, Pmax: ¥ K, (Ob)
imum uplink user rate among NRTUs is maximized while SINR;" >2t, k=Ki+1,---,K, (9)
satisfying the transmit power constraint at each user and the SINREIp >SINR,, k=1,---,K;. (9d)
llkH (NquI‘kI‘kH) L1 93

Rr =logy | 1+ 5)

N
u/ (N2 S W O S [2 A Afh + N STy g Lo + ;Rk) Uy
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Algorithm 1 Proposed Algorithm to Solve Problem P;

0 0 .
)7...7q§{)],121

1. Initialize q© = [¢\*, ¢
2. Repeat, it =i+ 1

3. Set q(i) = q(_i_l) ‘and determine the optimal receiver coeffi-
cients UV = [u{” ul”, .- u'?] through solving the generalized
eigenvalue Problem P» in (7)

4. Compute ¢ through solving Problem P in (9)

5. Go back to Step 2 and repeat until required accuracy

o

<
0

<
o

—M=100, N=2 K=25, K =5

——M=40, N=2, K=22, K =2
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.......... M=40, N=2 K=22, K =2
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Fig. 1. The cumulative distribution of the minimum uplink rate, for
(M =100, K = 25,K1 = 5) and (M = 40, K = 22, K; = 2) with
D =1 km, 7 = 20, and SINR?C = 1. The solid curves refer to the proposed
Algorithm 1, while the dashed curves present the case u,,;, = 1, Vm, k, and
solve Problem Pj.

Proposition 1: Problem Py is a standard GP.
Proof: The SINR constraint (9¢) is not a posynomial
functions in its form, however it can be rewritten into the
following posynomial function:

K K
uy! (Zkf7ngk’ (B S |2 Asorr At >y o Cienr + %Rk) uy,

ull (rikrkH) uy

1
< -
t

By applying a simple transformation, (10) can be rewritten

in the form g; ! (Z@k ke G+ Doy b Qi + Ck) < 17
which shows that the left-hand side of (10) is a posynomial
function. The same transformation holds for (9d). Therefore,
Problem Py is a standard GP (convex problem). |

Based on two sub-problems, an iterative algorithm is devel-
oped by solving both sub-problems at each iteration. The
proposed algorithm is summarized in Algorithm 1.

(10)

V. NUMERICAL RESULTS AND DISCUSSION

To model the channel coefficients between users and APs,
the coefficient By is taken as By = PLyng. 10755 where
PL,, is the path loss from the kth user to the mth AP, and
10™*10™** denotes shadow fading with standard deviation o,
and z,, ~ N(0,1) [1]. The noise power is given by P, =
BWEkgToW, 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 = 9dB, and denotes the noise figure [1]. It is assumed
that that Pp and p denote the transmit powers of the pilot and
data symbols, respectively, where P, = ;;: and p = P—ﬁﬂ. In
the simulations, we set Pp = 200 mW and /ﬁ = 200 mW.
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Fig. 2. The convergence of the proposed Algorithm 1 for M = 40, K = 22,
K1 =2 N=2 D=1km, SINR, =1, and 7 = 20.

A cell-free massive MIMO system is considered with
15 APs (M = 15) and 6 users (K = 6) who are randomly
distributed over the coverage area of size 1 x 1 km. Moreover,
each AP is equipped with N = 3 antennas and we set the total
number of RTUs to K; = 2, and random pilot sequences with
length 7 = 5 are considered. Table I presents the achievable
SINRs of the users while the target SINR for both RTUs is
fixed as 2.3. It can be seen from Table I that both RTUs
achieve their target SINR, while the minimum SINR of the
rest of the users is maximized through using Algorithm 1.
(If the problem is infeasible, we set SINRy = 0, Vk.) Fig. 1
presents the cumulative distribution of the achievable uplink
rates for the proposed Algorithm 1 (the solid curves) and
a scheme in which the received signals are not weighted
(i.e. we set U, = 1, Ym, k and solve Problem P;), which are
shown by the dashed curves. As seen in Fig. 1, the median of
the cumulative distribution of the minimum uplink rate of the
users is significantly increased compared to the scheme with
Umk = 1, Vm, k and solving Problem Pj. As seen in Fig. 1,
the performance (i.e. the 10% outage rate) of the proposed
scheme is almost twice that of the case with wu,,, = 1 Vm, k.
Note that Ngo et al. [1] considered a max-min SINR problem
defining only power coefficients and without QoS constraints
for RTUs. Hence, the dashed curves in Fig. 1 refer to the
scheme in [1] along with QoS constraints. Moreover, note
that the case with M = 1 and N = 80 refers to the single-
cell massive MIMO system, in which all service antennas are
collocated at the center of cell. As the figure demonstrates the
performance of cell-free massive MIMO is significantly better
than the conventional single-cell massive MIMO system. Fig. 2
demonstrates numerically the convergence of the proposed
Algorithm 1 with 20 APs (M = 20) and 20 users (K = 20)
and random pilot sequences with length 7 = 15.

VI. CONCLUSIONS

We have investigated the mixed QoS problem with QoS
requirements for the RTUs in cell-free massive MIMO, and
proposed a solution to maximize the minimum user rate
while satisfying the SINR constraints of the RTUs. To solve,
the original mixed QoS problem has been divided into
two sub-problems which been iteratively solved by for-
mulating them into a generalized eigenvalue problem
and GP.
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TABLE I
TARGET SINRs AND THE POWER CONSUMPTION OF THE PROPOSED SCHEME, WITH M =15, N =3, K =6, K1 =2,7 =5, AND D = 1km
Achieved SINR Power Allocation (qx)

Channels RTUI | RTU2 | NRTUI | NRTU2 | NRTU3 | NRTU4 || RTUI1 RTU2 NRTU1 | NRTU2 | NRTU3 | NRTU4
Channel 1 | 2.3 2.3 0.6457 0.6457 0.6457 0.6457 0.0519 | 0.1472 | 0.2039 0.3111 0.0056 1
Channel 2 | 2.3 23 0.7445 | 0.7445 | 0.7445 0.7445 0.2995 | 0.0098 | 0.0050 1 0.3398 | 0.2278
Channel 3 | 2.3 23 0.6479 | 0.6479 | 0.6479 | 0.6479 0.7001 | 0.1045 | 0.0085 | 0.0170 1 0.1415
Channel 4 | 2.3 2.3 1.9622 1.9622 1.9622 1.9622 0.0296 | 0.0438 | 1 0.1753 0.0379 | 0.4827

APPENDIX: PROOF OF THEOREM 1
The desired signal for the user k is given by DS, =

\//_)IE {EAmyzl Umk’gikgmk \/q_k'} = N\/ P4k Zﬂmizl UmkYmk-
2

Hence, |DS;€|2 = pq (N Ej\m"jzl umk'ymk) Moreover,
the term E{|BU|*} can be obtained as
M
E {|BUk|2} = PE{ Z Ukt Bk Tk
m=1
2

M
- pE { Z um,kggkgmk\/ﬁ}
m=1

M
= pN Z Qk’ugnk")/mk’ﬁmkv

m=1

(1)

where the last equality comes from [1, Appendix A]. The term
E{[IUI |°} is obtained as

E{[IUL[*}
M 2
= pE Z um]cgfikgmk” V k!
m=1
M 2
= pawE L D Crntimrghn Wik
m=1
A
M K " 2
+p Tp;DE qk’ Z CmkUmk ( Z gm1¢£[¢l) Smk
m=1 =1
B
(12)

Since W, = ¢kH Wy, m is independent of the term gy,
similar to [1, Appendix A], the term A in (12) immediately is
given by A = Nqp E%zl 2 u?, Bmk. The term B in (12)
can be obtained as

M 2
24 H
B = Tpqu’E g kaumngmk'H ¢k ¢k/
m=1
C
2
M K H
, H
+ TPka/E ka“mk( E gm,i¢k’ ¢Z) &k
m=1 £k’
D

13)

The first term in (13) is given by

) M
2 2 2
E ka’umk’ﬁmk”

m=1

M 2

2 k!
§jumkvmk—5 M, a4
m=1 ﬁmk’

where (14) is derived based on the fact that %
/TDpPmiCmi. The second term in (13) can be obtained as

o1 b1

C = N1ppqw

+ N?qy ¢kH¢k'

M
D = N/Tppqx Z U?nkcmkﬁmk’ﬁmk

m=1

M
2 2
- N(Jk' E umkcmkﬁmk’

m=1

M
2 2 3
_NTp;Dq]C' E umkcmkﬁmk’

m=1

2

¢ bi

5)

Finally we obtain

M
E{[IULw [*} = Npgr <Z Ufrl,kﬁmkﬁmk>

m=1
2
M
mk"Imk
m=1 ﬁ

nk’
mk

(16)
The total noise for the user %k is given by E{|TNk|2} =
E ‘En]\f{:1 Umk’ggknm

SINR of user k is obtained by (5), which completes the proof.
|

+Npau |68 ¢

2
_ NZ]\I 2

me1 Wi Ymk- Thus, the
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