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Abstract

In this paper, we investigate a cell-free massive MIMO system with both access points (APs) and user
equipments (UEs) equipped with multiple antennas over jointly-correlated Rayleigh fading channels. We study four
uplink implementations, from fully centralized processing to fully distributed processing, and derive their achievable
spectral efficiency (SE) expressions with minimum mean-squared error successive interference cancellation (MMSE-
SIC) detectors and arbitrary combining schemes. Furthermore, the global and local MMSE combining schemes are
derived based on full and local channel state information (CSI) obtained under pilot contamination, which can
maximize the achievable SE for the fully centralized and distributed implementation, respectively. We study a
two-layer decoding implementation with an arbitrary combining scheme in the first layer and optimal large-scale
fading decoding (LSFD) in the second layer. Besides, we compute novel closed-form SE expressions for the two-
layer decoding implementation with maximum ratio (MR) combining. In the numerical results, we compare the SE
performance for different implementation levels, combining schemes, and channel models. It is important to note

that increasing the number of antennas per UE may degrade the SE performance.
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I. INTRODUCTION

Cell-Free massive multiple-input multiple-output (CF mMIMO) has been considered as a promising
technology for future wireless communication [[1], [2]]. The basic idea of CF mMIMO is to deploy a large
number of access points (APs), which are geographically distributed in the coverage area and connected
to the central processing unit (CPU) via fronthaul connections. With the mutual cooperation and the
assistance from the CPU, all APs coherently serve all user equipments (UEs) by spatial multiplexing
on the same time-frequency resource [2]-[5]. The main characteristic of CF mMIMO, compared with
the traditional cellular mMIMO, is that the number of APs is envisioned to be much larger than the
number of UEs and the operating regime with no cell boundaries [5]. The vast majority of papers on CF
mMIMO rely upon a distributed implementation with the maximum ratio (MR) processing [2]], [6], while
[3]] noticed that higher SE can be achieved with the assistance from partially or fully centralized processing
at the CPU. Besides, the two-layer decoding scheme studied in [7]-[9] for CF mMIMO is considered as
an effective decoding technique with the arbitrary combining scheme in the first layer decoder and the
large-scale fading decoding (LSFD) method in the second layer decoder. The authors of [S] investigated
four different CF mMIMO implementations from fully centralized to fully distributed with global or local
minimum mean-square error (MMSE) combining and showed that the CF mMIMO system is competitive
with the centralized implementation and MMSE processing compared with the cellular mMIMO and the
small cell network.

The vast majority of existing papers focused on the analysis of CF mMIMO with single-antenna UEs,
e.g. [1]-[5)]. However, in practice, contemporary UEs with moderate physical sizes (e.g. laptops, tablets,
and vehicles) have already been equipped with multiple antennas to achieve higher multiplexing gain
and boost the SE performance. So it is necessary to evaluate the performance for CF mMIMO systems
with multi-antenna UEs. Besides, the effects of additional antennas at UEs should also be investigated
to design the CF mMIMO system effectively. Recent works have investigated the performance of the
CF mMIMO system with multi-antenna UEs, e.g. [4]], [1O]-[13]. The authors in [4] investigated the CF
mMIMO system with a user-centric (UC) approach wherein both APs and UEs are equipped with multiple
antennas. Besides, the downlink performance of the CF mMIMO system with multi-antenna UEs was
analyzed in [11], where two downlink transmission protocols (with/without downlink pilot transmission)
were considered. In addition, the authors of [10] considered the uplink (UL) of the CF mMIMO system

with multi-antenna UEs and derived the closed-form UL SE expressions. Moreover, the authors of [12] and



[13]] evaluated the performance for the CF mMIMO system with multi-antenna UEs and low-resolution
DACs or ADCs. However, all these works are based on a classical distributed processing scheme as in
[2] (so-called “Level 2” in [S]) but neglect pragmatic processing schemes in CF mMIMO, e.g. “fully
centralized processing” and “LSFD scheme”.

Moreover, all works about CF mMIMO with multi-antenna UEs made the overly idealistic and simpli-
fying assumption of independent and identically distributed (i.i.d.) Rayleigh fading channels. It has been
proved that the spatial correlation that exists in any practical channel may have a significant impact on
performance [9]], [[14], [[15]. To the best of the authors’ knowledge, there is no research on CF mMIMO with
multi-antenna UEs over practical correlated channels so far. On the other hand, works on the traditional
cellular mMIMO with multi-antenna UEs mainly focused on the classic Kronecker channel model [16]-
[19]], modeling the spatial correlation properties at the AP-side and UE-side separately. However, the
authors of [20] mentioned that the classic Kronecker model neglects the joint correlation feature of the
channel. As a remedy, a more practical channel model called the jointly-correlated Weichselberger model
was proposed in [21], which not only considers the correlation features at both the AP-side and UE-side
but models the joint correlation dependence between each AP-UE pair.

Motivated by the above observations, we investigate a CF mMIMO system with multi-antenna UEs over
Rayleigh fading channels described by the jointly-correlated Weichselberger model. The comparisons of
relevant literature with this paper are summarized in Table [l The major contributions of this paper are

listed as follows.

o We consider a CF mMIMO system with multi-antenna UEs and the pilot contamination over the
jointly-correlated Rayleigh fading channel, which is firstly considered in CF mMIMO, and investigate
four different UL implementations from fully centralized to fully distributed inspired by [5]].

o We derive achievable UL SE expressions for four implementations with MMSE-SIC detectors and
arbitrary combining schemes and compute novel closed-form SE expressions for Level 3 and Level 2
with MR combining. Note that our derived expressions hold for arbitrary combining scheme, arbitrary
UL precoding scheme, and any Rayleigh fading channel models, e.g the Weichselberger model, the
Kronecker model, and the i.i.d. Rayleigh fading model, etc.

o We investigate global MMSE and local MMSE combining schemes for the scenario with multi-
antenna UEs. Besides, we show that global MMSE combining in Level 4 and L-MMSE combining

in Level 1 is also optimal to achieve the maximum SE value, respectively. Moreover, in Level 3,



TABLE I: Comparison of relevant literature with this paper.

. . Fully .
Ref. Multi-antenna | o0 ojoti0n dgtits centralized | LSFD AR I G Closed-form
UEs correlation 3 processing | tamination
processing
5] X v X v v v v X
) v X X X X v v X
(I8Y] v X X X X v X v
[13] v X X X X X X v
Proposed v v v v v v v v

the optimal LSFD scheme with multi-antenna UEs is proposed, which not only minimizes the MSE
between the two-layer decoding signal and the original signal but maximizes the achievable SE for

Level 3.

The rest of this paper is organized as follows. In Section [I, we describe the Weichselberger channel
model for a CF mMIMO system, investigate some practical channel models and discuss their relationships
to the Weichselberger model and describe the phases of a CF mMIMO system, including the channel
estimation and uplink data transmission. Next, Section introduces four levels of AP cooperation.
The achievable SE, MMSE or LMMSE combining, the optimal LSFD scheme and novel closed-form SE
expressions for Level 3 and Level 2 with MR combining are also provided in this section. Then, numerical
results and performance analysis are provided in Section Finally, the major conclusions and future
directions are drawn in Section [Vl

Notation: Column vectors and matrices are denoted by boldface lowercase letters x and boldface
uppercase letters X, respectively. (-)*, (-)”, and (-)” represent conjugate, transpose, and conjugate trans-
pose, respectively. We use diag (A4, -, A,) to denote a block-diagonal matrix with the square matrices
Ay, --- A, onthe diagonal. E{-}, tr {-} and = represent the expectation operator, the trace operator and
the definitions, respectively. |-| denotes the determinant of a matrix or the absolute value of a number. The
n X n identity matrix is I,,«,. A column vector formed by the stack of the columns of A is represented
by vec (A). ® and ® denote the Kronecker products and the element-wise products, respectively. ||| and
||| are the Euclidean norm and the Frobenious norm, respectively. The M x N matrix with unit entries
is denoted by 1,/«xn. x ~ N (0,R) represents a circularly symmetric complex Gaussian distribution

vector with correlation matrix R.



II. SYSTEM MODEL

As illustrated in Fig.[Il we consider a CF mMIMO system consisting of M APs and K UEs arbitrarily
distributed in a wide coverage area. L and /N denote the number of antennas per AP and UE, respectively.
Let H,,, € C'*¥ denote the channel response between AP m and UE k. We assume that H,,, € Ct*V
for every AP m-UE k pair is independent, m = 1,..., M,k = 1,..., K. We investigate a standard
block fading model, where the channel responses are assumed to be constant and frequency flat in a
coherence block of 7.-length (in channel uses) and 7, is equal to the product of the coherence bandwidth
and coherence time [22]. Besides, 7, and 7, = 7. — 7, channel uses are reserved for the training and the

data transmission, respectively.

Fig. 1: Illustration of a CF mMIMO system.

A. Foundation of Weichselberger Rayleigh Fading Channels

In this paper, we consider the jointly-correlated (also known as the Weichselberger model [21]) Rayleigh

fading channels as

~ H
ot = Uns (Wonk © Hoiia) Ul (M
where H,,;.5a € C**V is composed of i.i.d. N (0,1) random entries, Uiy = [Wnkr1, - Umkrz] €
CH*Eand Uy = [Woket,+  Woksn] € CYV*N denote the eigenvector matrices of the one-sided

correlation matrices R, = E[H,,,HZ,] € CH*L and R, = E[HL, H? ] € CV*¥, respectively.
Moreover, ka is the element-wise square root of the “eigenmode coupling matrix” W, =S ka ®
W, € REXN with the (1, n)-th element [W,,.],, specifying the average amount of power coupling from
Wpnjrg 1O Uy ¢ . Besides, W, links the joint correlation properties between AP m and UE k and shows

the spatial arrangement of scattering objects. Let A, € R% and Akt € RY denote the eigenvalues-



vectors of the one-sided correlation matrices, whose [-th element [A,,,]; and n-th element [\, are

given through
L
Wkl il = > W )

Mz

mk r
n:l =1
Note that the one-sided correlation matrices can be constructed as R,,;,, = Umk’rdiag(}\mk,r)Uﬁkvr and
Rt = Umk,tdiag(Amk,t)Uﬁk,t. In addition, H,,; can be formed as H,,; = [hyx1,- -, e n], Where

hyin € C' is the channel between AP m and n-th antenna of UE k. As shown in [23]], the channel can
be modeled as h,,;, = vec(H,.x) ~ Nc(0, Ryui), where R, = E[vec(H, . )vec(H,,; )] € CENXEN g

the full correlation matrix as

R, = (U;;mt & Upiy) diag (vec (W) (U, ® Upier) "

L
H
*
= § : § : mk ln mk,t,n ® umk,r,l) (umk,t,n ® umk,r,l)

=1 n=1

3)

We can also structure the full correlation matrix in the block form as [24] where the (n, i)-th submatrix is

mo = E{h,h mk Z} with h,,; , and h,,; ; being the n-th column and ¢-th column of H,,, respectively.
Note that the large-scale fading coefficient between AP m and UE k can be extracted from the full
correlation matrix R, as

1 1
Bk = —=tr (Ryk) = N W]l - 4)

LN

Remark 1. The full correlation matrix in (3) shows a Kronecker structure on eigenmode level and is
determined by the unitary matrix U, , at the AP side, U, at the UE side and the coupling matrix W ,,y,.
The eigenvalues-vectors Apj,» and X1 don’t influence the correlation matrix directly but are implicitly
given through @). Moreover, the large-scale fading coefficient is reflected in the coupling matrix W ,,;,

so that the power constraint in () should be satisfied in all scenarios investigated.

B. Special Cases of Weichselberger Fading Channels

In this subsection, we investigate some practical channel models and discuss their relationships to the
Weichselberger model. Note that the jointly-correlated model investigated in embraces most channels
of great interest. And structures of W, display the spatial arrangement of scattering objects in the
real environment. In Fig. 2| we show different structures of W, and their respective physical radio
environments, where the black dots denote the scattering objects. Note that [W,,;],, is the average power

between the [-th eigenmode of the AP-side and the n-th eigenmode of the UE-side so a nonzero entry



of W, shows a link between the respective eigenmodes (gray squares in W) and a zero-entry denotes
an inactive link between the respective eigenmodes (white squares in W). The coupling matrices and

corresponding physical radio environments of the Weichselberger model are represented by Wj.
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Fig. 2: Different structures of the coupling matrix and respective physical radio environments.

1) The Kronecker Channel Model: Firstly, we investigate the relationship between the Weichselberger
model and the classical Kronecker model. As observed in Wy, both the AP-side and UE-side go through
locally rich scattering environments so we can model spatial correlation properties separately. And W,

has rank-one form as
1

W= ———
" LN B

Amk,rAzy;]%ta (5)

where A, and A, ¢ are defined in (2)). The classic Kronecker model neglects the joint spatial correlation

structure and the channel in can be written as

1
Hmk = \/ﬁ V Rmk,erk,iid V Rmk,t7 (6)

The full correlation matrix R, can be reformulated as R, = m (R;Fm,t ® Rmk,r) [25].

Moreover, a special case for (@) is “Rxr = Bimilr, Rkt # BmikIn”, which denotes the scenario with
only correlation properties at AP-sides and no correlation properties at UE-sides. And a similar case with
“Rikr # Brilr, Rkt = Bmeln” means that the scenario with only correlation properties at UE-sides
and no correlation properties at AP-sides.

2) Practical Radio Environments: Then, we elaborate on some practical physical radio environments,
which are reflected in the structures of W. As shown in W3, only a single column is available in W,
which shows a locally rich scattering environment at the AP-side. A similar structure for the case of “a

locally rich scattering environment at the UE-side” can be represented by W, with only a single row

available.



3) The LI.D. Rayleigh Fading Channel: Last but not least, we focus on the i.i.d. Rayleigh fading
channel, which is widely assumed in prior works [4], [10]-[13]. The channel model in (1) reduces to the

uncorrelated Rayleigh fading channel if all the elements in W, are equal shown as
Wik = Bk loxn- (7)

Then, will reduce to H,,,;, = v/BrmxHpkiia- Even though the i.i.d. Rayleigh fading channel is widely
investigated in prior works, (1)) is undoubtedly a more practical choice for CF mMIMO systems with

multi-antenna APs and UEs, which can characterize the joint-correlation features in practical scenarios.
C. Uplink Transmission

1) Channel Estimation: In this phase, 7,-length channel uses are adopted for the channel estimation.
Note that 7, mutually orthogonal 7,-length pilot sequences are used for this phase and each pilot matrix
is composed of N pilot sequences selected from the pilot book. Let ®,, € C»*¥ denote the pilot matrix
of UE k with <I>,Ij<I>l = 71,1, if [ =k and O otherwise. As in [10] and [11], all UEs can be assigned to
mutually orthogonal pilot matrices if 7, > KN. However, we consider a more practical scenario where
more than one UE is assigned to a same pilot matrix. We define P, as the index subset of UEs that use
the same pilot matrix as UE £ including itself.

All UEs send pilot matrices to APs and the received signal Y?, € CL*7 at AP m is

K
Y2 =) H, Q8] + N, ®)
k=1

where ©;, € CV*V is the precoding matrix of UE k during the phase of pilot transmissiorﬂ, NP e CLxm
is the additive noise at AP m with independent N¢ (0, 02) elements and o2 is the noise power, respectively.
The pilot transmission is under the pilot power constraint as tr(€2, Q) < py, where p;, is the maximum
pilot transmit power of UE .

To obtain sufficient statistics for channel estimation, AP m computes the projection of Y2 onto ®; as

K
Y= Y08 =) Hu (2 2}) +N7,&;
=1 ©)
- Z TpHlel + ng
lePy,

'We assume Q. and Py, in the following are available at all APs and the CPU.



where Q?, & NP &. By implementing the vectorization operation for Y? , we derive y* , = vec (Y?,) €

CLN

You = > 7 (4 @ 1) vec (HLy) +vee (QF,)
LEPy

_ (10)
= Z 7—pszlhml + Q‘fm
lEPk
where Q; £ QF ® 1, and g2, = vec (QP,). As in [23], the MMSE estimate of h,,, is
By, = vee(Hpi) = R ¥, Ly2 (11)

where U, = E{y?  (y2 . )7}/7, = > e, TleleQf{ + 021 . The estimate h,,;, and estimation error
h,,. = vec(I:Imk) = h,,. — h,, are independent random vectors distributed as h,. ~ N(C(O,f{mk),
hoe ~ N2 (0, Cri) with Ry 2 7R Q781 R,,y and C,p, = E{vec(Hi)vee(Hope) ) = Ryng, —
TpRkakH \I’fn}kaRmk. We can also structure the full covariance matrix of the channel estimate into a
block form with the (n,7)-th submatrix being ﬁ%k = E{flmknflﬁkl}, where ﬁmkn and flmm are the n-th
and i-th column of H,,, respectively.

2) Data Transmission: The transmitted signal s, = [sg 1, - - ,s;%N]T € CY from UE k can be con-
structed as s, = Pyx;, where x; ~ N¢ (0, Iy) is the data symbol transmitted from UE k and P;, € CV*V
is the precoding matrix during the phase of data transmission which should satisfy the power constraint
of UE k as tr(PyP) < py with p; is the maximum transmitted power of UE k, respectively.

The received signal y,,, € CX at AP m is

K K
Ym = Y Hugsi + 1 = > HytPix + 0y, (12)
k=1 k=1

where n,, ~ N¢(0,021;) is the independent receiver noise.

III. FOUR SIGNAL PROCESSING SCHEMES

Due to the versatile network topology of CF mMIMO, four signal processing schemes were investigated
in [5] with the multi-antenna APs/single-antenna UEs scenario, depending on the required performance and
complexity tradeoff. To the best of the authors’ knowledge, recent works for UL analysis of CF mMIMO
with multi-antenna UEs [4], [10], [12], consider the classical processing structure of CF mMIMO (so-called
“Level 2” in [5]). So it is undoubtedly vital to investigate other processing schemes with multi-antenna

UEs to provide important results and insights for practical CF mMIMO systems. To better distinguish
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Fig. 3: The comparison of four UL implementations.

the differences between four implementations clearly, the comparison of four levels investigated below is

shown as Fig. 3 (we follow the naming principle in [3]).

A. Level 4: Fully Centralized Processing

In this processing scheme, all the channel estimation and data detection are processed in the CPU. All
APs serve only as relays by sending all received pilot signals and received data signals to the CPU. The

pilot signal Y? € CML*" at the CPU can be formed as

Hi; NY

Yr=| : | = Q.87 + (13)

K
k=1

p
YM
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For UE k, the collective channel h, € CMEY can be shown as hy, = [vec(Hy)T, - -+ vec(Hp) T 15 ~

Nc(0,Ry) where Ry, = diag(Ray, - -+, Ragg) € CMENXMLN g the whole correlation matrix of UE k.
As the method of local estimation (9)) and (10), the CPU can compute all the MMSE estimates. The col-
~ ~ ~ T _ _
lective channel estimate of UE & can be constructed as hy, = |h%, - hﬁlk] ~ Nc (0,7, R, QT ' Ry,)
where W, ! = diag (¥ },--- , ¥ 1) and Q, = dia Q R ,fl .
k g (P 2k) k g (% k)

M
As for the data detection, the received data signal at the CPU is

K
[yfll“’ s 7yL]T = Z [H{kv e 7H7]\;[k]TPka + [n{7 e 7n7]\;[]T (14)
= Y ~ D
=Yy = Hyg =n
or a Compact form as
K
y=> HiPix;+n (15)

k=1
The CPU selects an arbitrary receive combining matrix V;, € CE¥*Y based on the collective channel

estimates for the detection of x; as

. - K (16)
= VI H;Pix+ VI HPix,+ Y VIHPx+Vin.
I#£k

Based on (16), we derive the achievable SE for Level 4 by using standard capacity lower bounds [26]]

as the following corollary.
Corollary 1. If the MMSE estimator is used to compute channel estimates for all UEs, an achievable SE
for UE k in Level 4 with MMSE-SIC detectors is

T )
SE(" — (1 - )E {log, [Ly + DIy 211, Diy |} (17)

Tc

where Dk7(4) =S V,?I:IkPk and Ek,(zl) =S V,? (leil I:Il].?)lI:IlH — I:ka)k:[:lllj + Zl[il C; + O'2IML) Vk with
Py 2 PPl Besides, C; = diag (C!,,--- ,Cl;,) € CMEXMLyith (j, q)-th element of C, = E{H,,,P;H }

ml —

being [C! ;4 = Zgﬂ Z;\gzl [Pi1]pop, [CP2P1],4. The expectations are with respect to all sources of
randomness.
Proof. The proof is given in Appendix U

Note that any receive combining matrix V can be utilized in and the SE can be computed by the
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Monte-Carlo method. The CPU can use all CSI to design V; and we consider two combining schemes
for Level 4: MR combining V; = H), and MMSE combining which minimizes the mean-squared error

K —1
Vk = (Z (ﬂlf’lﬂ{{ + C;) + 021ML> I:IkPk, (18)
=1
where ﬂl = [I?Iflfl, - 7ﬂ§\F4l]T c CMLxN

Proof. The proof of (I8) can be easily derived following from the standard results of matrix derivation

in [27] and is therefore omitted. [

In the scenario with single-antenna UEs, so-called MMSE combining can maximize the achievable SE
[3]. In the scenario with multi-antenna UEs, we prove that the MMSE combining matrix in (I8) is also

the optimal combining matrix that maximizes (17), which can be obtained as the following theorem

Theorem 1. MMSE combining matrix as (18)) is the optimal combining matrix leading to the maximum

SE value given as

K K -1
SE(Y = (1 — @) E { log, \Iy + PTH! ( > HPH!+) C+ O’ZIML> H,P, ». (19
Te 1=1,l#k =1
Proof. The proof is given in Appendix U

B. Level 3: Local Processing & Large-Scale Fading Decoding

In this subsection, we investigate a two-layer decoding scheme. Let V,,;, € CZ*" denote the combining

matrix designed by AP m for UE k. Then, the local estimate of s, at AP m is

imk = VZkYm
K (19)
= VI HPxe+ Y VEHPx +Vin,
1=1,l#k

*Note that Theorem [I] shows the optimality of MMSE combining for maximizing SEE:Q and absolutely provides the guidance for the
implementation of CF mMIMO with multi-antenna UEs.
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We notice that holds for any combining vector and AP m exploits its local estimate H,,; to design
V... One possible choice is MR combining V,,,;, = flmk Besides, Local MMSE (L-MMSE) combining

matrix that minimizes MSE,;, = E{||xx — VI vy, [|2[H,.x} is

X -1
Viuk = (Z <ﬂmlf’zﬂiz + C;nl) + O'2IL> H,,Py. (20)

=1

Proof. The proof of (20) is similar to the proof of (I8) and is therefore omitted. O

Remark 2. Note that MMSE combining matrix in Level 4 not only minimizes the MSE but maximizes the
achievable SE. A similar combining scheme called L-MMSE combining is proposed based on the local
CSI at each AP. Note that L-MMSE combing can maximize the achievable SE if the corresponding AP
is the only one decoding the signal (this scenario will be investigated as a “small-cell network”). So

L-MMSE combing scheme is a heuristic combining scheme in this Level but undoubtedly makes sense.

A second layer decoding structure called “LSFD” is implemented [5], [9]. The local estimates S,,,;, are

sent to the CPU where they are weighted by the LSFD coefficient matrix as

ZAmkxmk— ZA kakakkak+Z Z AL VE H, Px ), Q1)
m=11=1,l#£k

where A, € CV* is the complex LSFD coefficient matrix for AP m and UE kand nf, = S A% VE n
Then we define Ay, £ [A], .-+ AT ]7 € CMVN and Gy, £ [VIiHy; - ; VI Hyy| € CMYN,
SO can be rewritten as
K
Xy = AgGkkkak -+ Z AkHlePle -+ Il;f. 22)
I=1,I#k
Note that only channel statistics are available at the CPU so we apply the classical use-and-then-forget

(UatF) bound [22] to compute the achievable SE for the LSFD scheme as the following corollary.

Corollary 2. An achievable SE for UE k in Level 3 with MMSE-SIC detectors is

SE/(<53) et <]_ - ) 10g2 ‘IN ‘I’ Dk( )Ek} (3)Dk7(3) 5 (23)
where Dk AHE{Gkk}Pk and Ek Zl 1AHE{GMP G }Ak )D£(3 —|—0’2A£SkAk with

S, £ dlag(E{V wVikt, - ,E{VMkVMk}) € CMNXMN

Proof. The proof of (23) is similar to the proof of (I8) and is therefore omitted. O
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The complex LSFD coefficient matrix A, can be optimized by the CPU to maximize the achievable

SE of UE k for Level 3 in (23) as the following theorem.

Theorem 2. The achievable SE in is maximized by

e -1
A, = (ZE{GMPng} + o—2sk) E{Gy:} Py, (24)

=1

which leads to the maximum value as

[

-1
SE) = (1 — %) log, |In + PYE { G/}, (ZE{GMP Gii} — E{Gu} PiE{Gf;} + 0”8 ) E{Gui} P

(25)
Proof. The proof is similar to the proof of Theorem [I] and is therefore omitted. O

Note that the CPU is only aware of channel statistics, so the optimal LSFD coefficient matrix in
can also minimize the conditional MSE of UE k MSE;®"P = E {||x; — %4/ |© }, which is proven in
Appendix IC| with ® being all the channel statistics. Furthermore, if MR combining V,,;, = H,,. is
adopted at each AP in the first layer, we can compute the expectations in in closed-form and derive

the closed-form SE expression as the following theorem.

Theorem 3. For MR combining V. = ﬂmk, the achievable SE for UE k in Level 3 with MMSE-SIC

detectors can be computed in closed-form as

SE® = (1 . ) log, ‘IN + Df 555 15 Di | 27

where Dk7(3) = AEZkPk and Eh(g Ak (Zl 1 Ti‘lg + ZlGP Ti‘lg )Ak — Dk DkH’(g) —|—O'2A£SkAk
with Zy, = [Z%,,--- 2T, 7 € CMN*N and S, = diag (Zyy, -+, Zpg) € CMNMN with the (n,n')-

th element of Zy, € CN*N being [Zoy)],, = tr(R”7). Moreover, T%l?:(l) dlag(I‘kl)l, e ,I‘,(J?M) €

]TL’I’L

CMNXMN and the (m,m')-th submatrix of TI,;I?’@) € CMNXMN g

2 1
pL3mm’ I‘l(fl,)m - Fl(fl,)mv m=m'

KL(2) — (28)
A PiA g, m # M/

where the (n,n’)-th element of Ay € CN*N, Ay € CVXN, I‘](dm CN*N and Fklm e CNN are
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[Amkl]nn’ =tr (@:Lnil?l)’ [Am/lk]nn’ = tr (G?r;ﬁk)’ []‘_‘I(fll?m]nn/ = Zﬁ\il Zﬁyzl [Pl]llltr(Ri;ZlR?r;l?)’ Cll’ld

TE] =S o (REE)

i=1 i'=1

N N
Y [ (B o RIEREELS o)) + o (B o RUE ) (Fx’zimﬁﬁz)}},
q1=1g2=1

(29)

with Gmkl = Tplef){{‘I’_l ].SkRmk, ® m/lk — TpR fkf’kH‘I’_}kP R m!ls kal( 1) = Tpsmk(‘I’mk—Tpf’ lef)l )

Sk = RmkP O Fou 2 = =S,..P; leP si le and kal @ being (n,1i)-submatrix of R2l and

mk’

1
F2 . 2 respectively. The LSFD coefficient matrix in 24) can also be computed in closed-form as

-1
A, = (Z T+ > Thig+o sk> Z.P}.. (30)

LEPy

Proof. The proof is given in Appendix U

C. Level 2: Local Processing & Simple Centralized Decoding

The so-called LSFD method in Level 3 requires a number of the large-scale fading parameters knowledge
which may be very large in CF mMIMO. For simplicity, the CPU can alternatively weight the local
estimates {X,.x: m=1,---, M} by taking the average of them to obtain the final decoding symbol as
X, = fo 1 ]\1/[ka Note that X;, can also be derived from 2I)) by setting A,.x = —I N SO we can obtain

an achievable SE of UE k for Level 2 as the following corollary.

Corollary 3. An achievable SE for UE k in Level 2 with MMSE-SIC detectors is

SE(2) <1 — T—) log, ‘IN + Dk Ek @ Dk (2) (31

C

where Dy, ) £ S0 E{VIH, Py and Ty o) £ S0 500 Yo B{VEH, PHL V,.} —
Dk,(2)DkH’(2) + 2%:1 E{VH n,nfV, .}.

Any combining scheme like MR combining V ,;, = flmk or L-MMSE combining as (20) is available
for (31)). If MR combining is applied at each AP, we can also derive the closed-form SE expression as

the following theorem.

Theorem 4. For MR combining V ;. = ﬂmk, we can derive the closed-form SE expression in Level 2

SH

mk?
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with MMSE-SIC detectors as

SE,(f) = (1 — Q) log,
Te

M K M
where Dk,(2) = Zm:l kaPk and Ek,(2) = Zl:l T%lz,(l) + ZlePk T%l%(z) — Dk,(2)D]I§(2) + (72 Z _ ka

m=1

with Tl%l%(l) = 27]\5:1 ]‘_‘Ig,)m and Til%@) = Z%:l (I‘l(fl,)m - I‘l(sll,)m) + Z%:l Z%:l,m;ﬁm’ Amkl]‘SlAmllk'

Definitions of matrices above are the same as that of Theorem

(32)

Iy + D) Z; 5 Dr2

Note that this processing scheme was widely investigated in existing works on CF mMIMO with multi-
antenna UEs, e.g. [4], [10], [12], but relies upon overly idealistic assumption of i.i.d. Rayleigh fading
channels. The results derived in this subsection hold for arbitrary channel structures (arbitrary R,,;),
so can easily reduce to the i.i.d. Rayleigh fading channel by changing W,,, to be (7). Then, we have
H,oi = VB Hik jids Rk = Bk, Wik = D _jep, By U + 0?1y and Ryny = 7,82, Q7 W1 Qy,
respectively. So we can derive the corresponding SE expressions based on i.i.d. Rayleigh fading channels

by plugging above terms in Theorem

D. Level 1: Small-Cell Network

As for the last processing scheme, both the channel estimation and signal decoding are implemented
locally in one particular AP. The decoding can be done locally by APs using local channel estimates so
nothing is exchanged to the CPU. In this case, the CF mMIMO network is truly distributed and turns into
a small-cell network. As in [3]], the macro-diversity is achieved by selecting the best AP that achieves the

highest SE to a specific UE. The achievable SE of UE k at Level 1 is given as follows.

Corollary 4. An achievable SE for UE k in Level 1 with MMSE-SIC detectors is given by

1 T H -1
B = e (1 - T_p) E {log, ‘IN + Do 1) Bt 0y Dok, (1) ‘} &)

J/

ASE“)

mk

where Dy 1) 2 VI H, Py, and 2y, 1) 2 VI (S8 (A, PHE + C ) — H, PLHE + 0%1,)V 0

The maximum value of SES}€ is achieved with L-MMSE combining matrix by @20) as

Te

—-1
SE() = (1 — @) E{ log, |Iy + PHH, < > H.PH+) CL i+ 021L> H,.Pi| p. (34)
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Proof. We can view this scenario as Corollary (1| with one particular AP decoding the signal. So we can

compute the achievable SE and obtain the maximum value in the same way as Theorem [Il 0]

Remark 3. We notice that any combining scheme like MR combining or MMSE (L-MMSE) combining
can be adopted in Level 4 to Level 1 and all the achievable SE expressions can be computed using Monte-
Carlo simulations. As for Level 3 and Level 2, we can derive the closed-form SE expressions with MR
combining as and B2). However; as for the L-MMSE combining, we can not derive a closed-form

SE expression due to the inverse matrix that contains random matrices.

Remark 4. All results derived in this section are applicable for any Rayleigh fading channel model
h,,. ~ Nc (0, R,,.) with arbitrary forms of R,.x, such as some special cases described in Section [I-B]
so undoubtedly provide many important guidance for the performance analysis of the CF mMIMO system

with multi-antenna UEsSs.

Remark 5. Note that all expressions based on multi-antenna UEs are not simple extensions from the
results of single-antenna UEs in [5)]. The presented analysis is implemented in the matrix domain, and
we detect the data vector X or X, instead of detecting the data symbol at each antenna separately as
[10], [12 ]H and we derive the achievable SE expressions based on the mutual information theory in [27].
More importantly, the feasibilities of conclusions in [5l] based on single-antenna UEs are validated in this
paper with the setting of multi-antenna UEs, such as the optimality of MMSE combining for maximizing

the SE,(f) and the optimality of the LSFD scheme for maximizing the SE,(:’).

IV. NUMERICAL RESULTS

We consider APs and UEs are uniformly distributed in a 1 x 1km? area with a wrap-around scheme
[22]. The pathloss is computed by the COST 321 Walfish-Tkegami model as [, [dB] = —34.53 —
38logyg (dmi/1m) + Foi, Where d,,; is the distance between AP m and UE £ (taking an 11 m height
difference into account). We model the shadow fading . as in [2] with F;; = \/0pa,, + /1 — d7bs,
where a,, ~ N (0,0%) and by ~ N(0,6%) are independent random variables and d; is the shadow fading
parameter. The covariance functions of a,, and b, are E{a,,a,/} = TdZLTT,, E{bxbr } = 2_%/ where
d e and dy are the geographical distances between AP m-AP m’ and UE k-UE K/, respectively, dg. is
the decorrelation distance depending on the environment. Let 6 = 0.5, dgc = 100m and dy = 8 [9]].

3Under the setting in [10]], [12], for the fully centralized processing, the data symbol transmitted by the n-th antenna of UE k is detected
separately as Ty n = vfy Y. where &y ,, is the detect of the data transmitted by the n-th antenna of UE £ and vy, € C*M is an arbitrary
receive combining vector for the n-th antenna of UE k. Under this setting, we treat each antenna at a UE as a separate “virtual” UE when
it comes to the data transmission and can follow the similar methods in [5] to derive the achievable SE expressions.
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In practice, U, and U,,; ; are estimated through measurements [21]. But for numerical simulations

in this paper, we generate U,,;,, and U,,;; randomly. As for the coupling matrix W,,,;;, we have [24]

alyx(v-1)

alip_1x1 al—1yx(n-1)

for the jointly-correlated Rayleigh fading channel with ¢ £ —-£& - We investigate communication with

LN-T)
20 MHz bandwidth and 02 = —94 dBm noise power. All the UEs transmit with the power 200 mW and
the power is assumed to be divided equally between the N antennas of each UE, that is 2, = P, = %I N-
Besides, each coherence block contains 7, = 200 channel uses and 7,, = KN, unless mentioned. Moreover,
an effective pilot assignment approach based on the full correlation matrix R,,; is implemented, where

first |7,/N | UEs are assigned with each pilot matrix randomly and other UEs are assigned with their

pilot matrices that achieve the least interference to UEs in the current pilot set.

Remark 6. The coupling matrix in 33) has one entry scaled with O (LN), which means that there are
dominant transmit-receive eigenpairs capturing half of the channel power. The remaining channel power

is assumed to be divided equally to the other entries in the coupling matrix.

A. Effects of the Number of Antennas Per UE

We firstly investigate the effects of the number of antennas per UE. Figure 4 shows the complementary
cumulative distribution function (CCDF) of the per-user SE for four processing schemes investigated in
this paper over MMSE (L-MMSE) combining and MR combining with M = 40, K = 20 and L = 4. For
MMSE or L-MMSE combining shown in Fig. @ (a), we observe that Level 4 undoubtedly outperforms
other schemes since it can suppress the interference by all the collective channel estimates through MMSE
combining and MMSE-SIC detectors. For MR combing, compared to Fig. 4] (a), all processing schemes
except Level 1 suffer from a large SE loss, since MR combining can not suppress the interference
effectively. Besides, for Level 3 and Level 2, markers “o” generated by analytical results in and
(32) overlap with the curves generated by simulations, respectively, validating the accuracy of our derived
closed-form SE expressions. Moreover, the performance gap between Level 2 and Level 3 for L-MMSE

combining is smaller than that of MR combining, which indicates the combination of L-MMSE combining

and MMSE-SIC detector is effective for Level 2 to achieve the approaching SE performance to Level 3.
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Fig. 4: CCDF of SE per UE for MMSE (L-MMSE) combining and MR combining with M = 40, K = 20
and L = 4.

Figure [5] shows the 80%-likely per-user SE as a function of the number of antennas per UE N for four
processing schemes over MMSE (L-MMSE) combining and MR combining with M = 40, K = 20 and
L = 4. From the view of 80% likely SE points, when using MMSE or L-MMSE combining, we observe
that Level 4 outperforms other schemes, while Level 1 gives the lowest SEs. Besides, the performance gap
between Level 3 and Level 2 using L-MMSE combining is smaller than that of MR combining. When
using MR combining, Level 3 achieves the highest SEs, while Level 4 gives a poor SE performance.
Moreover, we notice that the SEs reach the maximum values with particular “N*” noted in the figures,
then decrease with the increase of N. This phenomenon indicates that the increase of the number of
antennas per UE may give rise to the SE degradation. The reason for this performance degradation is that
increasing N will reduce the pre-log factor (7. — 7,) /7. in SE expressions and the decrease incurred by
the pre-log factor outweighs the gain in having more antennas at the UE-side. Besides, without any uplink
precoding scheme and power control method, UEs cannot make full use of having additional antennas
to achieve better SE performance. So it is vital to investigate the uplink precoding scheme and power

control method for CF mMIMO with multi-antenna UEs in the future work.

B. Effects of the Length of the Resource Block

In this subsection, we investigate the effects of the length of the resource block, such as the length of
the coherence block 7. and the length of duration per coherence block for the pilot transmission 7,. Figure

considers the average SE as a function of the number of antennas per UE N for Level 4 with MMSE
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Fig. 5: 80%-likely per-user SE for MMSE (L-MMSE) combining and MR combining as a function of N
with M =40, K = 20 and L = 4.

combining over different 7.. We notice that higher 7, undoubtedly achieves higher SE for the increase of
the effective transmission ratio. Moreover, we observe that N* leading to the maximum SE increases as
T. increases, which indicates that the average SE benefits from additional UE antennas when the length
of the coherence block is long enough, otherwise, additional antennas may lead to the SE degradation.
Figure [7] shows the average SE as a function of NV for Level 4 with MMSE combining over different
7,. Note that the fact that 7, < K'N leads to the pilot contamination. For the scenario with 7, = K N/4,
the number of elements in Py is 4, which means that every four UEs will be assigned with a similar pilot
matrix. With high NV such as N = 6, the SE given by the scenario with no pilot contamination (7, = K N)
is lower than that of the scenario with the pilot contamination (7, = K N/4 or 7, = K N/10). Moreover,
we can observe a trade-off between the pilot length and the SE performance: when N is small, higher
7, such as 7, = KN can achieve better SE performance but the SE reduces with the increase of NV after
reaching the maximum SE value with N*. However, with lower 7, such as 7, = K N/10, the effective
transmission ratio (7. — 7,) /7. reduces slowly with the increase of N so N* giving the maximum SE
value is higher than that of high 7,. These important insights can also confirm that it is not always worth

increasing /N since the increase of N may lead to the SE performance degradation.

C. Effects of the Number of UEs

Note that the number of the total data streams transmitted equals /' /V. For a particular number of data

streams KN, KN single-antenna UEs or fewer multi-antenna UEs can be scheduled. Figure [8 compares
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Fig. 6: Average SE against the number of antennas per UE for Level 4 with MMSE combining over
different 7, with M =40, K =20 and L = 4.
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Fig. 7: Average SE against the number of antennas per UE for Level 4 with MMSE combining over
different 7, with M =40, K =20 and L = 4.

the achievable sum SE as a function of the number of total UE antennas KN for Level 2 with MR
combining over different system implementations. Figure 8 shows that for any given KN, scheduling
KN single-antenna UEs is always beneficial. Besides, the achievable sum SE reaches the maximum
value with the optimal K'/N around 60.

Figure. O] shows the average SE as a function of the number of antennas per UE N for Level 4 with
MMSE combining with M = 40, K = [5,10,20], and L = 4. We notice that, with a small or moderate
number of UEs compared with the number of APs and total antennas of APs (such as K =5 or K = 10),
the average SE performance benefits from additional UE antennas compared with the scenario of a large

number of UEs (such as K = 20). With K = 5 or K = 10, compared with N = 1, equipping with 6
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Fig. 8: Sum SE against the number of total UE antennas for Level 2 with MR combining over M = 40,
K =20and L =2.

[
N
T

=
o
T

[oe]
T

Achievable average SE [bit/s/Hz]

[22]

1 2 3 4 5 6
Number of antennas per UE

Fig. 9: Average SE for Level 4 over MMSE combining as a function of N with M = 40, K = |5, 10, 20]
and L = 4.

antennas per UE can achieve about 168% and 129% average SE improvement, respectively. So the SE
can greatly benefit from equipping with multiple UE antennas to increase the spatial multiplexing and SE

performance significantly in lightly or medium loaded systems with few UE:s.

D. Impacts of Channel Models and the Number of Antennas Per AP

Next, we discuss the impacts of different channel models. The achievable sum SE as a function of the
number of APs M for the LSFD scheme with MR combining over different channel models is shown in
Fig. As observed, the achievable sum SE undoubtedly increases with the increase of M. The Kronecker

model yields lower SE than the one of the Weichselberger model, for the reason for neglecting the joint
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Fig. 11: Average SE against the number of antennas per AP for Level 3 and Level 2 over L-MMSE
combining and MR combining with M = 40, K =20, N =2 and 7, = K N/2.

spatial correlation feature of the channel. The uncorrelated Rayleigh fading channel achieves higher SE
than the one of the Weichselberger model. Besides, we investigate the SE performance over other channel
models related to the practical physical radio environments in Section Note that W, with only a
single row achieves the lowest SE performance since only a single eigenmode at the AP is active [21].
Furthermore, we notice that markers “x” generated by analytical results overlap with the curves generated
by simulations, respectively, which verifies the accuracy of our derived SE closed-form expressions and,
more importantly, implies that our derived expressions hold for any Rayleigh fading channel models.
Figure [T1] shows the achievable average SE as a function of the number of antennas per AP for Level 3

and Level 2 over L-MMSE combining and MR combining with M/ = 40, K =20, N =2 and 7, = K N/2.
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We notice that the performance gap between L-MMSE combining and MR combining becomes larger
with the increase of L. Besides, markers “x” generated by analytical results in and (32)) overlap with
the curves generated by simulations, respectively, validating again the accuracy of our derived closed-form

SE expressions with pilot contamination.

V. CONCLUSIONS

In this paper, we investigate the uplink SE performance of a CF mMIMO system with both APs and
UEs equipped with multiple antennas over the jointly-correlated (or the Weichselberger model) Rayleigh
fading channel. We consider four different implementations of CF mMIMO from fully centralized to
fully distributed with multi-antenna UEs and derive achievable SE expressions with MMSE-SIC detectors
for any combining scheme. Then based on different CSI, we design MMSE combining matrix with full
CSI and local MMSE combining matrix with local CSI. Moreover, we prove the optimality for MMSE
combining in Level 4, L-MMSE combining in Level 1, and the optimal LSFD coefficients matrix in
Level 3 to maximize the respective achievable SE. Besides, with MR combining, we compute the novel
closed-form SE expressions for Level 3 and Level 2. In numerical results, we investigate the impact
of the number of antennas per UE and compare the SE performance for different processing schemes,
combining schemes and channel models. It is greatly important to find that additional UE antennas may
degrade the SE performance. And additional UE antennas are beneficial to the SE performance in lightly
or medium loaded systems with few UEs. In the future work, we will investigate the uplink precoding
scheme with multi-antenna UEs, the power control and allocation scheme for multi-antenna UEs, and

scalable CF mMIMO systems with multi-antenna UEs.

APPENDIX
A. Proof of Corollary 1

Note that (I6) can be rewritten as %X, = VEZH,P.x; + Zf;k VIH,Px; + VHn. So according to the

definition of mutual information, we have [26]
I (k3 %, Hi) = R [Hy) — h(xi| %5, Hy), (36)
where h (-) denotes the differential entropy. Choosing the potentially suboptimal x;, ~ N¢ (0,Iy) yields

h (xg) = log, |mely| . 37)
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Then, the MMSE estimate of x; given X; and I:Ik 1S

%), = E{VIH, P, |H E{x, % |H,} %, G38)

= Dy 25 ()%

0*1311) Vi, and C, = E{H,P,;H/} = diag(C!,,--- , C),,) with (j, ¢)-th element of C’ , = E{H,,,P,H7}

ml —

being [C!];; = E{H,,PH”} = Zgzl Z;\;:l [Pl}pm [CP2P'];,. Moreover, let X, = x;, — X, denote

ml

the estimation error of xy, then h(xy|Xy, flk) is upper bounded by

h(Xk|5(k, ﬂk) E{10g2 |7T6E{Xka ‘Hk}‘}

(39)
= E{log, |re(Iy — Dy, | @ Dk @)}
Plugging (37) and (39) into (36) and using the matrix inversion lemma, we have
](Xk; )?Lk, ﬂk) 2 E{10g2 |IN + DkH7(4)E;’%4)Dk’(4)‘}, (40)
where £, ;) = V(X8 BPH +3°8 C+0%y)Vi—Dy 4 yDi/(4)- So we can derive an achievable
SE of UE £k as (I]).
B. Proof of Theorem 1
Following from [28]], we can rewrite the received signal in (I3) as
K
- {,P H,P H,P
y K pXg + Hy, kxk‘l’; Fixp +n, 1)

(. J/
-~

v

where v £ I:Ikkak + Z{;k H,P;x; 4+ n is a complex circular symmetric colored noise with an invertible
covariance matrix
S (42)
Z HPH — H,PH{ + Z C)+ 0" Tuz.
=1 =1

We firstly whiten the noise as

[1]

iy =B PH,Pyx;, + ¥, (43)

1
~ A p—mTo
where v = E, *v becomes white.
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_1
Next, we project in the direction of Z, *H, P, to get an effective scalar channel as

=
=

(B

Finally, the optimal receive combining matrix can be represented as

Koo & o “3)
= ( E HlPlHlH—HkPkaH—i‘ g C;+U2IML> HkPk
=1 =1

According to the matrix inversion lemma, we can proof that the combining matrix in (43) is equivalent
to the MMSE combining matrix in (I8]) except from having another scaling matrix [22]]. Note that the SE
in does change if we scale V by any non-zero scalar, so the so-called MMSE combining matrix

minimizing the MSE as

-1
Vi = <Z (ﬂlPlﬂlH + C;) + 0—21ML> H,P, (46)

=1

can also lead to the maximum SE value as

-
¢ =1

K K -
SE{? (12 ) 2wy 4 PERY (3 AP Y o) B @)
I=1,l%k

C. Proof of the minimization of MSELS™ by ©4)

Note that MSE;®"™® = E{||x;, — %[|?|©} = tr(E { (x — %)(xx — %x)|© }) can be denoted as
MSE;™™ = tr (E {x;x; [©} —E{x% |©} —E {%sx; [0} + E {%;%; |© })

K _ (48)
= tr (IN —P/E{G.} Ar — AJE{Gu} Pi + ZAkHIE {GLP/Gu} Ak> .
=1

LSFD
Ek

By computing the partial derivation of MS with respect to A, we observe that A;, that minimizes

MSELS'P has the similar form of (24).

D. Proof of Theorem 2

In this part, we compute the closed-form SE expression for Level 3 based on MR combining V,,;, =

A

H,,. and MMSE-SIC detectors.
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We begin with the first term Dy, 3y = AfE{Gy; } Py with E{Gy,} = [E{VHiHy}; - ;E{V,Hy} =
(Zy; -+ 5 Zgs], where Ziyp = E{V T H,,} =E{H? H,;} € CV*V and the (n,n)-th element of Z,;
can be denoted as [Zx|nn = E{hmkmhmk’n/} = tr(R%,’;).

CMNXMN

Then, we compute the second term Sy € as

Sy = diag(E{V iV}, E{VI, Vir})

(49)
= diag(Zy, - -+, Zmw)-
The last term in the denominator E{Gy,P,GE} € CMN*MN can be written as
E{ViH,PHIV,} - E{VEH,PH Vy}
E{GLP,G} = : : : (50)
E{VEHPHIV ) - E{VEHyPHY V)

and the (m,m’)-submatrix of E{G,P,GH} is E{VZ H,,P;HZ, V,/}. Then we can compute

E{VZ H,,PHZ, V,..} for all possible AP and UE combinations.

m'l
Case 1: m #m’, 1 & Py
We have E{Vﬁkalf’ng,le/k} = 0 since V,,; and H,,; are independent and both have zero mean.
Case 2: m #m/, | € Py
We can obtain E{VHZ H,,PHY, V, .} = E{VE H,\PE{HZ V,1} = A,uPA, for the

independence of E{VZ H,,} and E{H, V,.}. We notice that

A =E{VE R, =E{H! A}

tr (@) - tr(0N)
(51)

o (®y) - w(On)
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Am/lk - E{Han/le/k} - E{I:Iillﬂm/k}

tr (Gﬁflk) e tr (Grj\rfb}lk)
(52)
tr (@,ﬁ{Y,k) <o tr (@%%)

where ©,,; 2 E{h,,,h", } = 7R QI O LR, and O, £ E{h,,;h7,} = 7R, QI ® L QR0
Case 3: m=m/, | ¢ Py
In this case, the channel estimate Hmk and H,,; are mdependent and T kil = £ E {V kalP Hlemk} S
CN*N whose (n, n’)-th element can be denoted as [ ] )= ZZ ) ZZ _ [PE{hZ, h ahoahll thk,n’}

Notice that flmk and h,,; are independent, we have

- oot
E{hmk,nhml,i' hml,ihmk,”’ }

tr(E{h, Z’hml Z}E{ﬁmk,n’ﬁgk,n}) = tr( gmil : nm,ITcL)

(53)

So, we can derive
] =33 P e (RiR). (54)

Case d: m=m',l € P,
In this case, the channel estimate flmk and H,,; are no longer independent. We define I‘ff}d =

E{VZ H,,PHZV,,.} € CN*¥ whose (n,n’)-th element is
N N
[I‘S,kl] . Z Z { mk nhml Z’hml thk,n’}- (55)
=1 i'=1
Note that ﬁmk and h,,; are no longer independent. Following the similar step in [29] and [14], let

p A
xP . = vee (YD,

) — Tpﬂlvec (Hpy) =y, — Tpﬂlhml and S,,, = Rmkﬂ lIlmk, so we can decompose
E{|h Gl as

E { ‘ﬁgkhml‘z} =E { ‘ [Smk (Xpmk + Tpﬂlhml)} ! hy 2}

E { ‘ (Smxl )" hmlr} + 7R { ) (Smkﬂlhml)H hy,

(56)

)

We notice that S,;x", ~ N (07kal,(1)) and S, Qh,y ~ Ne (O,kal7(2)) where F,,1; 1) and



29

F1i,(2) are given in

E{hmk ;nilml Z’hml zhmkm’} = E{[S mkxmk] h,, Z’hml i [Smkxpmk]nf} + TSE{[Skalhml]n hyy Z’hml z[Skalhml]n’}'
(57)
hml z’h hmk,n’} as

Then, we can rewrite E{h’/ mli

mk,n

kal’(l) =k {Smkxmk( ) SH } = 7—1DSmk (lI’mk - TleleQlH> Sgkv

kal,(2) =K {Smkﬂlhmlhﬁlﬁﬁsgk} = SkalleQlHSH

(58)

mk>?

where [v] is {(n—1)L+1~nL:n=1,---,N}-th rows of v e CH".

For the first term, S,,;x} , and h,, are independent, we have
E {182 B bl 1S b
— tr (E {hy b} E {[Smkxfnk]n, [Smkxfnk]f}> (59)
— tr (RIAFii )
As for the second term, we can express [Smk(zlhml]{n ny and hy, ;) into the equivalent form [24]
as [Smkﬂl mlln Eq . anqkz @Xa [Smkfllhml]n/ = EZIV . F"mgl (@Xe> B = Z qulxq and h,,; =

Z lexq, respectively, where F™ mii,(2) denotes the (n, g)-submatrix of (F 2 ) R/ denotes the

(1, q)-submatrix of R: 2 and x, ~ N¢(0,1,), respectively. To make it clearer, we can rewrite h,,; as

h,1 X1 ernll Rinjzv X1
hpy=1 = | =Ry | | =] N (60)
hml,N XN R%ll s R%lN XN
and we also have N
R, = Z R (RY)T =Y RYRY, 61)
q=1

So we can formulate the second term as

E { (8637 hml} b bt (82 n}

N (62)
(Z F:;qlil (2) Xq1> (Z R, qQXq2> (Z :Z?X%) (Z F:%Z? Xq4> .

=1 g2=1
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According to [24], if at least one of ¢;,j = 1,---4 is different from the others, (62)) will be 0 for the
circular symmetry property and the zero mean value of x,, and (62) will be non-zero for the case of

¢ = 2,93 = q4 and ¢1 = q4, ¢2 = g3. For “q1 = ¢2,q3 = ¢4”, (62) can be rewritten as

H
E Z xIFnn o RiTx,, Z xHFo  R%x,, Z Z r (B o R ) o (Bt RE).
=1 g3=1 q1=1¢q3=1
(63)
For “q1 = q4, g2 = q3”, (62) can be rewritten as
E Z X Fto) Z R, X R o) Z B o%an Z Z o (qu R, qQRWF:ﬂZ}v@))'
q1=1 g2=1 q1=1 q1=1g2=1
(64)
In summary, plugging above results into (33), (33) can be denoted by
N N
2 D i'i pn'n
|:I‘£ngcl:| . = Z Z [PlL'i {tr ( ml mklv(l))
i=1 i’: (65)
2 =qin 3 itan’q1 =qin i'q1 =n/ 7
7 Z Z o (B, o REPREFNS ) + oo (B, o Ryt ) o (Froe R
q1=1g2=1
Finally, combining all the cases, we can obtain
0, 1 & Py
E{GuPGf} =Tiiq) + (66)
where T} |, = diag(T kz)p e F,QQM) and the (m,m’)-th submatrix of T}, € CYN*MN s

2 1
L3, mmn/ I‘l(el,)m - I‘](fl)m7 m = m'
Tkl,(2) = (67)
A PNy # m/

REFERENCES

[1] J. Zhang, E. Bjornson, M. Matthaiou, D. W. K. Ng, H. Yang, and D. J. Love, “Prospective multiple antenna technologies for beyond
5G,” IEEE J. Sel. Areas Commun, vol. 38, no. 8, pp. 1637-1660, Jun. 2020.

[2] H. Q. Ngo, A. Ashikhmin, H. Yang, E. G. Larsson, and T. L. Marzetta, “Cell-free massive MIMO versus small cells,” IEEE Trans.
Wireless Commun., vol. 16, no. 3, pp. 1834-1850, Mar. 2017.

[3] E. Nayebi, A. Ashikhmin, T. L. Marzetta, H. Yang, and B. D. Rao, “Precoding and power optimization in cell-free massive MIMO
systems,” IEEE Trans. Wireless Commun., vol. 16, no. 7, pp. 4445-4459, Jul. 2017.



(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

[21]

(22]
(23]

31

S. Buzzi, C. D’Andrea, A. Zappone, and C. D’Elia, “User-centric 5G cellular networks: Resource allocation and comparison with the
cell-free massive MIMO approach,” IEEE Trans. Wireless Commun., vol. 19, no. 2, pp. 1250-1264, Feb. 2020.

E. Bjornson and L. Sanguinetti, “Making cell-free massive MIMO competitive with MMSE processing and centralized implementation,”
IEEE Trans. Wireless Commun., vol. 19, no. 1, pp. 77-90, Jan. 2019.

H. Q. Ngo, L. Tran, T. Q. Duong, M. Matthaiou, and E. G. Larsson, “On the total energy efficiency of cell-free massive MIMO,” I[EEE
Trans. Green Commun. Netw, vol. 2, no. 1, pp. 25-39, Mar. 2018.

H. Q. Ngo, H. Tataria, M. Matthaiou, S. Jin, and E. G. Larsson, “On the performance of cell-free massive MIMO in Ricean fading,”
in Proc. Asilomar Conf. Signals, Syst., Comput., Oct. 2018, pp. 980-984.

E. Nayebi, A. Ashikhmin, T. L. Marzetta, and B. D. Rao, “Performance of cell-free massive MIMO systems with MMSE and LSFD
receivers,” in Proc. Asilomar Conf. Signals, Syst. Comput., Nov. 2016, pp. 203-207.

0. Ozdogan, E. Bjornson, and J. Zhang, “Performance of cell-free massive MIMO with Rician fading and phase shifts,” IEEE Trans.
Wireless Commun., vol. 18, no. 11, pp. 5299-5315, Nov. 2019.

T. C. Mai, H. Q. Ngo, and T. Q. Duong, “Uplink spectral efficiency of cell-free massive MIMO with multi-antenna users,” in /EEE
SigTelCom, Mar. 2019, pp. 126-129.

T. C. Mai, H. Q. Ngo, and T. Q. Duong, “Downlink spectral efficiency of cell-free massive MIMO systems with multi-antenna users,”
IEEE Trans. Commun., vol. 68, no. 8, pp. 4803-4815, Apr. 2020.

Y. Zhang, M. Zhou, X. Qiao, H. Cao, and L. Yang, “On the performance of cell-free massive MIMO with low-resolution ADCs,” IEEE
Access, vol. 7, pp. 117968-117977, 2019.

M. Zhou, L. Yang, and H. Zhu, “Sum-SE for multigroup multicast cell-free massive MIMO with multi-antenna users and low-resolution
DACS,” IEEE Wireless Commun. Lett., to appear, 2021.

Z. Wang, J. Zhang, E. Bjornson, and B. Ai, “Uplink performance of cell-free massive MIMO over spatially correlated Rician fading
channels,” IEEE Commun. Lett., vol. 25, no. 4, pp. 1348-1352, Apr. 2021.

Y. Zhang, M. Zhou, H. Cao, L. Yang, and H. Zhu, “On the performance of cell-free massive MIMO with mixed-ADC under Rician
fading channels,” IEEE Commun. Lett., vol. 24, no. 1, pp. 43-47, Jan. 2020.

J. Kermoal, L. Schumacher, K. Pedersen, P. Mogensen, and F. Frederiksen, “A stochastic mimo radio channel model with experimental
validation,” IEEEJ. Sel. Areas Commun, vol. 20, no. 6, pp. 1211-1226, Nov. 2002.

X. Li, E. Bjornson, S. Zhou, and J. Wang, “Massive MIMO with multi-antenna users: When are additional user antennas beneficial?”’
in 2016 23rd International Conference on Telecommunications (ICT), May 2016, pp. 1-6.

L. He, J. Wang, J. Song, and L. Hanzo, “On the multi-user multi-cell massive spatial modulation uplink: How many antennas for each
user?” IEEE Trans. Wireless Commun., vol. 16, no. 3, pp. 1437-1451, Dec. 2017.

X. Wu and D. Liu, “Novel insight into multi-user channels with multi-antenna users,” IEEE Commun. Lett., vol. 21, no. 9, pp.
1961-1964, June 2017.

H. Ozcelik, M. Herdin, W. Weichselberger, J. Wallace, and E. Bonek, “Deficiencies of ‘kronecker’ MIMO radio channel model,”
Electronics Letters, vol. 39, no. 16, pp. 1209-1210, Aug. 2003.

W. Weichselberger, M. Herdin, H. Ozcelik, and E. Bonek, “A stochastic MIMO channel model with joint correlation of both link ends,”
IEEE Trans. Wireless Commun., vol. 5, no. 1, pp. 90-100, Jan. 2006.

E. Bjornson, J. Hoydis, and L. Sanguinetti, Massive MIMO Networks: Spectral, Energy, and Hardware Efficiency, 2017.

E. Bjornson and B. Ottersten, “A framework for training-based estimation in arbitrarily correlated Rician MIMO channels with Rician

disturbance,” IEEE Trans. Signal Process., vol. 58, no. 3, pp. 1807-1820, Nov. 2010.



[24]

[25]

[26]

(27]

(28]
[29]

32

K. Dovelos, M. Matthaiou, H. Q. Ngo, and B. Bellalta, “Massive MIMO with multi-antenna users under jointly correlated Ricean
fading,” in Proc. IEEE ICC, Jun. 2020, pp. 1-6.

C. Wen, S. Jin, and K. Wong, “On the sum-rate of multiuser MIMO uplink channels with jointly-correlated Rician fading,” IEEE Trans.
Commun., vol. 59, no. 10, pp. 2883-2895, Aug. 2011.

Taesang Yoo and A. Goldsmith, “Capacity and power allocation for fading MIMO channels with channel estimation error,” /[EEE
Transactions on Information Theory, vol. 52, no. 5, pp. 2203-2214, Apr. 2006.

A. Hjgrungnes, Complex-valued matrix derivatives: with applications in signal processing and communications. Cambridge University
Press, 2011.

D. Tse and P. Viswanath, Fundamentals of wireless communication. Cambridge university press, 2005.

0. Ozdogan, E. Bjornson, and E. G. Larsson, “Massive MIMO with spatially correlated Rician fading channels,” IEEE Trans. Commun.,
vol. 67, no. 5, pp. 3234-3250, May 2019.



	I Introduction
	II System Model
	II-A Foundation of Weichselberger Rayleigh Fading Channels
	II-B Special Cases of Weichselberger Fading Channels
	II-B1 The Kronecker Channel Model
	II-B2 Practical Radio Environments
	II-B3 The I.I.D. Rayleigh Fading Channel

	II-C Uplink Transmission
	II-C1 Channel Estimation
	II-C2 Data Transmission


	III Four Signal Processing Schemes
	III-A Level 4: Fully Centralized Processing
	III-B Level 3: Local Processing & Large-Scale Fading Decoding
	III-C Level 2: Local Processing & Simple Centralized Decoding
	III-D Level 1: Small-Cell Network

	IV Numerical Results
	IV-A Effects of the Number of Antennas Per UE
	IV-B Effects of the Length of the Resource Block
	IV-C Effects of the Number of UEs
	IV-D Impacts of Channel Models and the Number of Antennas Per AP

	V Conclusions
	Appendix
	A Proof of Corollary 1
	B Proof of Theorem 1
	C Proof of the minimization of MSEkLSFD by (24)
	D Proof of Theorem 2

	References

