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Abstract—In this paper, we investigate the uplink performance
of cell-free (CF) extremely large-scale multiple-input-multiple-
output (XL-MIMO) systems, which is a promising technique for
future wireless communications. More specifically, we consider
the practical scenario with multiple base stations (BSs) and
multiple user equipments (UEs). To this end, we derive exact
achievable spectral efficiency (SE) expressions for any combining
scheme. It is worth noting that we derive the closed-form SE
expressions for the CF XL-MIMO with maximum ratio (MR)
combining. Numerical results show that the SE performance of
the CF XL-MIMO can be hugely improved compared with the
small-cell XL-MIMO. It is interesting that a smaller antenna
spacing leads to a higher correlation level among patch antennas.
Finally, we prove that increasing the number of UE antennas may
decrease the SE performance with MR combining.

I. INTRODUCTION

The extremely large-scale multiple-input-multiple-output
(XL-MIMO) is a promising technique for the future com-
munication system where the system is equipped with a
massive number of antennas in a compact space [II, [2].
Compared with the conventional massive MIMO (mMIMO),
the XL-MIMO can provide higher spectral efficiency (SE) and
higher energy efficiency (EE) with densely deployed antennas.
Specifically, there are many hardware design schemes for
realizing the XL-MIMO system, such as holographic MIMO,
large intelligent surfaces (LIS), extremely large antenna array
(ELAA), and continuous aperture MIMO (CAP-MIMO) [3].
However, the electromagnetic (EM) characteristics of the XL-
MIMO are quite different. The commonly used uniform plane
wave (UPW) model with far-field assumptions may fail in
the XL-MIMO. We should consider the scenario that the UEs
are located in the near-field region and the EM channel has
to be modeled by spherical wavefront (3], [4]. Moreover,
the effective antenna areas and the losses from polarization
mismatch should also be considered [3].

Recently, the effect of the near-field characteristics has been
initially considered in the XL-MIMO systems [3l], [4]], [6]-[12].
In 3], the authors comprehensively reviewed the existing XL-
MIMO hardware designs, discussed the existing challenges
and proposed some promising solutions for the XL-MIMO.
In [4], the non-linear phase property of spherical waves was
introduced and the metric was proposed to determine the near-
field ranges in typical communication scenarios. The authors
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of [6] proposed a EM channel matrix deduced from the dyadic
Green’s function and discussed the the degree of freedom
(DoF) and effective degree of freedom (EDoF) limit of the
XL-MIMO. In [7], densely packed sub-wavelength patch an-
tennas are incorporated to approximately realize a spatially-
continuous aperture. The authors of [§]], [9] considered the
small-scale fading and provided a plane-wave representation
of the XL-MIMO from an electromagnetic perspective. A
channel model different from [9]] by considering non-isotropic
scattering and directive antennas was developed by the authors
of [10]. In [11]], the authors proposed a novel Fourier plane-
wave stochastic scalar channel model for single-user XL-
MIMO communication systems by fully capturing the essence
of electromagnetic propagation. Moreover, the authors of
extended the scenario in to multi-user communication
systems and analyzed the SE performance of the XL-MIMO.

As a promising technique for the future wireless communi-
cation, cell-free (CF) mMIMO has been proven to achieve
higher SE by deploying a large number of distributed ac-
cess points, compared with cellular mMIMO [13]. However,
practical scenarios with multiple BSs are rarely considered in
the XL-MIMO. More importantly, although the system with
a large number of distributed BSs benefits from the macro
diversity, its interference suppression ability depends on how it
operates. And the cooperation among multiple XL-MIMO BSs
is not discussed. Besides, the signal processing for the XL-
MIMO displays high complexity due to the extremely large-
scale antennas. Therefore, the signal processing scheme with
acceptable complexity is also a challenge.

Motivated by the EM channel model of [11l], [12], this
paper introduce a novel XL-MIMO channel model for the
scenario with multi-BS multi-UE. Inspired by the promising
cell-free mMIMO technology [2], [14], we investigate two
different uplink processing schemes of the XL-MIMO, called
the CF XL-MIMO and the small-cell XL-MIMO. The major
contributions of this paper are as follows:

o We extend the channel model of single-BS multi-UE in
[12] to the one of multi-BS multi-UE in the XL-MIMO.
More importantly, we investigate the uplink performance
of both the CF XL-MIMO and the small-cell XL-MIMO
to reveal the benefits of the distributed network.

o We derive exact achievable uplink SE expressions for
two signal processing schemes with arbitrary combining
scheme. Moreover, we propose closed-form SE expres-
sions for the CF XL-MIMO with MR combininﬂ.

!'Simulation codes are provided to reproduce the results in this paper:
https://github.com/BJTU-MIMO.
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Fig. 1. Illustration of the CF XL-MIMO system

II. SYSTEM MODEL

As illustrated in Fig. 1, the uplink of a CF XL-MIMO
network is investigated where M BSs and K UEs are arbi-
trarily distributed in a wide area. To reduce the computation
overhead, the BSs are connected to a central processing unit
(CPU) with high computation processing ability by fronthaul
links. Each BS consists of a planar extremely large-scale
surface (XL-surface) with N, = Ng, Ny, patch antennas
where Np, and Ny, denote the number of antennas per
row and per column, respectively. The horizontal and vertical
patch antenna spacing A, is below A\/2. We denote the
horizontal and vertical length of the XL-surface by L, , =
Ng,A, and L,, = Ny,A,, respectively. The antennas
at each BS are indexed row-by-row by n € [1,N,]. The
location of the m-th BS with respect to the origin is r,, =
[Py Tm.ys Tm.z) | - The receive response vector is denoted as
a,(k,rHa, 1 (k,r),... a1k, r)]eCM*! with

a’r‘,m (k7 r) == ejk((p,e)Tl‘(lm)7 ey ejk(w79)Tr5$):| ! 9 (1)
where k(¢ 0,) = ke, ky, k2] =

[kcos(8,)cos(pr), keos(0,)sin(py ), sin(6,)] is the receive
wave vector with the wavenumber k£ = 27/)\, the receive
azimuth angle ¢, and the receive elevation angle #,. And
rslm) is the location of the n-th antenna of m-th BS.
Similarly, each UE is equipped with a planar XL-surface
with Ny antennas. And we assume that all planar XL-surface
are parallel. The horizontal and vertical antenna spacing, the
horizontal length and the vertical length are denoted by Ag,
L, and L, respectively. We denote the location of k-th user
by sk = [Sk.z, Sk, Sk2| k= 1,..., K. The transmit wave
vector is denoted as a,(k, s)=[as,1(K,S), ..., as k (k,s)] with

(k) T T
ask (K,8) = ks S .,eJ“TSNs k=1,..K, (2
where k € C? is the transmit wave vector k = [k, ky, k2| =
[kcos(8s)cos(ps), kcos(fs)sin(ps), sin(fs)] with the transmit

azimuth angle ¢, and the transmit elevation angle 6.

A. Channel Modeling for the Single-BS Single-UE Scenario

In the XL-MIMO communication system, the near-field
region is extended to tens of meters, which resluts in UEs more

likely to be in the near-field. Then the EM channel should be
accurately modeled based on the spherical wave assumption.
Specifically, by considering the scenario with single-BS

single-UE, the (m,n)-entry of the space domain channel
H € CN~*Ns can be denoted as [11]]

[ mn = 27T ////D arm k I‘ (kmukyu’imuﬁy) 3)

As,n (K/, S) dkzdkydﬂxdli%

where a,.,, (k,r) is the m-th element in (@), as, (k,s) is
the n-th element in @), H, (ky, ky, ks, Ky) is the wavenum-
ber domain channel, and the integration region is D =
{(ks,ky) € C* : k2 + k2 < K2}, respectively.

As shown in [[I1]], the wavenumber domain channel in ()
can be denoted as

Ha(kac; kya R, "fy) :Sl/Q(kxa kya R, /fy)W(kzv kyv Ra, ’{y)
ki A(ke, by, by, 5y )W ke, by, ke, Ky) 4)
2 R (hayky) Y (Kayiy)

Wher.e S (ku, by, Ko, Ky) :% is the spectral
density, A (ky,ky, ks, ky) is an arbitrary real-valued, non-
negative function and W (ky, ky, ks, iy WCN(0,1) is a col-
lection of random characteristics. In the isotropic scattering
condition, we have A (kg ky, k- ):2—7]’c with unit average power.

The wavenumber domain channel displays sparse charac-
teristics where only finite elements are non-zero. Thus, the
space domain channel in (3) can be approximated with finite
sampling points within the lattice ellipse [11], [12]

&= {(mz, my) €Z2: (ma)/Ls.o)*+(myA/ Lsy)? < 1} :
E={(tty) € 22 (ML)’ + (4,0 Ley) <1},

at each UE and each BS, respectively. And we denote the
cardinalities of the sets & and &, by ny, = |&| and n, = |E,],
respectively.

The channel H in () can be approximately described by a
4D Fourier plane-wave series expansion

H,,~ > > Hy(le ly,me,my)
(lzvly)esr (mmmy)eﬁs (6)

Qr m (€$7 éyu I‘) Qs n (mma My, S) ,

(&)

with Fourier coefficients
~ CN(0,0% (Ly, by, mezymy)). ()

Ha (Zmaﬂyu mmamy)

The variance o2 (¢, £,, m,, m,) is the variance of sampling
point (¢, ¢,, my,m,), which can be formulated under the
separable scattering shown as [11]], [12]]

(gxagyvmzvmy //// kxak
Ss ><S

A2 (k ey, ) S
(k ) P dkzdkydnzdny ®)
(Or, &r, 05, @s) dQsd,

i:z_;////n (Mg ymy) X Qri (L)

(“xa Ky)




R, = ((ng))* ® U§J”>) (diag ( (s) ® a(s)) ® diag (a,(;) ® a,(;))) <(ng))T ® (UW)H) (12)

where ky, ky, k. = (ky, k,, k.)/k are normalized wavevector I1I. SIGNAL PROCESSING SCHEMES
coordinates, and Q, (¢, ¢,) and Qg (m,,m,) are integration A cpll-Free XL-MIMO

;Zflzztsi\llzlthﬁg,wageniﬁlcﬁirlt)g]am of each BS and each UE, In the CF XL-MIMO, the BSs firstly decode the received
p y 24 T signals and then transmit the local processed signals to the

" / i " I I . central processing unit (CPU) for further processing (3.
B. Channel Modeling for the Multi-BS Multi-UE Scenario Let V,,, € CV-<N: denote the combining matrix designed

In [12], the authors extended the scenario with single-BS by BS m for UE k. Then the local estimate of x; at BS m is
single-UE channel modeling from the previous subsection to

K
the scenario with single-BS multi-UE. Similarly, the channel _VH —vHE H H H
mk— m— m + Vm Hm +Vm me 13
between m-th BS and k-th UE H,, € CN-*N: i Tk Emk Y=Yk ’“X’“l_;#k X et (1)
H,,. =V NN Z Z HmR (¢, Ly, Mg, my) Then the local estimates X,,,;, are sent to the CPU where they
(b ly)EE, (Mma,my)€EES (9) are weighted evenly as Xj, = 2%21 ﬁkmk. The final estimate
a, (ézvéya I,(m)) a, (mz,my, S(k)) 7 of x;, at the CPU is denoted by
here the Fouri ffici L S
where the Fourier coefficient K= — \s vakH X M Z Z VH H, x4+,
H(S,mk) (gxagyvmzvmy) NNC(()’Urznk(gIagy’mx?my))v (10) m=1 =li=Lik (14)
and with n), = L SY  VH n,,.
[a (m m )} L (2mmas(2m my s +y.memy)s™)  Corollary 1. An achievable SE for UE k in the CF XL-MIMO
S T y; ’ .,
J \/NS is
.] = 17 N 1) _
SE{" = log, ‘INS + EkH,<1>‘1’k}1)Ek,<1>‘ : (15)

1 . 27\' Z (771) 27 Z (771) Ly, (m)
[ar(éz; g’yv I' ):| Te it Iy Ty +’YT( WITs )

\/NT " where E; ) £ \/ﬁan\leE{Vﬁkak} and
=1,...,N,. . _pzflzﬁf M E{VEH,,VE H,.) -

(1)
Inspired by [12], the channel in (9) can be written as H,,;, = ErBra) T Zm 1 E {V K Dm D, mG}

Ul gk ng))H — uylm (D) @ Wmh) (ng))H Note that (I3) can adopt any combining matrix. We can

(m) (k) derive the closed form SE expression with MR combining
where U, and Us” denote the deterministic matri- v . — H,, as the following theorem.

ces collecting the variances of mn, and ns; sampling
points in (ngéyvr(m)) and (mx,myvs(k)), respectively. Theorem IIL.1. If MR combining is considered, the closed-

And H((lmk) — xmk) oWk ¢ Cnexne collects form SE expression in the CF XL-MIMO can be derived as

(mk) . .

VIN.NGHG™ (U, €y, my,my) for n,. - g sampln(l;g5 points, SES) log, [Ins + E;C (1)‘I'k mE 1)‘ (16)
and W ~ CN(0,1,,). We have ("% = (0,17 ) ©
(1, (o-,(:))T) where o{t) € R™*1 and a,(f) € R *1! collect where Ek 1y = \/_Zm 1Zpmy  and ‘I’kl\/p) =
VN (Zm,ﬁ%ﬂand VN, sa,(f) (M, my), respectively. DDA DHGIND DUGTIN: NS ) OBy o2\ Z

As in we can  structure the channel

K P * Th f i A dix A. |

as hoe = vee(Hnp) ~  Ne(0.Ryy). where roof: The proof is given in Appendix

Rye £ E{vec(Hi)vec(H,,)? } is the full correlation
matrix as (I12), shown at the top of this page. The full B Small-Cell XL-MIMO

correlation matrix can also be structured in the block form as In the small-cell XL-MIMO, the BSs decode the received
[15] where R, = E{h,;,h mk ;3 with hy,z,, and h,,;; signals without exchange anything with the CPU. In this case,
being the n-th column and i-th column of H,,.x, respectively. the signal from one UE is decoded by only one BS.

Corollary 2. An achievable SE for UE k in the small-cell

C. Uplink Data Transmission XL-MIMO is
During the uplink, all K" UEs sent their data to the BSs. ¢p2)_ . @ {10 ’I H -1 ’}
= +E v E,. ,
The transmitted signal from UE % is denoted by x;, = k me{ql,--)-(,M} 82 |INsT ik, (2) Z mk, (2) Pmk(2) (17)
[Tr1, zpn,]T € CNe where tr(x,x) = p with p being SE®

mk

the transmitted power. The received signal y,,, € CV~ at BS m
is ym = Zszl H,.xXx, + 1, where n,, ~ CN(0,021y,) is where E,; (2 £ pVEH. and W0 =
the independent receiver noise with afv being the noise power. p Z{il 12k ngHmleﬂmG + aivgkvmk. If MR
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Fig. 2. Sum SE for two signal processing schemes as a function of Ng, =
Ny, with M =20, K =8, Ns = Ny XNy, =36and As = A, = \/3.

combining is used, the expression of SEy in (L) can be
derived as (I8), shown at the top of this page.

Proof: The proof is given in Appendix B. [ |

IV. NUMERICAL RESULTS

In this section, we compare the uplink performance of
the CF XL-MIMO and the small-cell XL-MIMO with MR
combining and different antenna spacing.

Figure 2 shows the sum SE for two processing schemes over
MR combining as a function of Ny, = Ny, with M = 20,
K =8, Ny = Ny, x Ny, = 36 and Ay = A, = \/3. The
first observation is that the CF XL-MIMO outperforms the
small-cell XL-MIMO. And the performance gap between the
CF XL-MIMO and the small-cell XL-MIMO increases with
the increase of Ny, = Ny,. Besides, the curves generated
by Monte Carlo simulations are overlapped by markers “o”
generated by analytical results in the CF XL-MIMO. This
validates the closed-form SE expression derived in Section III.
Moreover, we observe that the sum SE reach the maximum
values at Ny, = Ny, =9, then decrease with the increase of
Ny, = Ny,.. The reason is that increasing N; will increase
both the interference and desired signal while the performance
loss caused by the increase of the interference outweighs the
gain in increasing desired signal.

Figure 3 exploits the sum SE against the number of BSs for
two processing schemes over different antenna spacing with
K =8, Ny = Ny, x Ny, =36, and N, = Ny, x Ny, = 81.
For the CF XL-MIMO or the small-cell XL-MIMO, we
observe that the scheme with A, = A, = \/3 performs better
than the scheme with Ay = A, = A\/6. In the CF XL-MIMO
or the small-cell XL-MIMO with M = 20, compared with
the scheme with Ay = A, = A\/3, the scheme with a lower
antenna spacing A, = A, = A\/6 can result in about 78.57%
and 83.11% sum SE loss, respectively. This can be explained
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Fig. 3. Sum SE against the number of BSs for two signal processing schemes
over different antenna spacing with K = 8, Ny = Ny, x Ny, = 36, and
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Fig. 4. Average SE against the number of UEs for two signal processing
schemes over different antenna spacing with M = 20, Ns = Ny x Ny, =
36, and N = Ng, x Ny, = 81.

by the fact that with the fixed number of antennas, smaller
spacing has less surface area and leads to a higher correlation
level among patch antennas. Thus, the SE performance of
the scheme with smaller spacing is worse. As the number of
BSs increases, the sum SE of the CF XL-MIMO undoubtedly
increases while the sum SE of the small-cell XL-MIMO is
constant, since the channel model in this paper only considers
the small-scale fading and one UE is served by only one BS.

Figure 4 investigates the average SE as a function of the
number of UEs K for two processing schemes over different
antenna spacing with M = 20, Ny = Ng_ x Ny, = 36, and
N, = Ng, x Ny, = 81. We observe that the performance
gap between Ay, = A, = \/3 and Ay = A, = \/6 becomes
smaller with the increase of K. Moreover, we notice that the
CF XL-MIMO provides higher SEs than the small-cell XL-
MIMO which can be also observed in Figure 2.

Figure 5 shows the sum SE as a function of the number of
BSs for the CF XL-MIMO with K = 3, Ny = Ngys X Nys =
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144, and N, = Npg, X Ny, = 144. We compare seven
cases with different BS antenna spacing A, and UE antenna
spacing A;. As observed, smaller spacing results in worse
performance. In fact, the smaller antenna spacing, the higher
the correlation level. Specifically, compared with the case with
A = A\/6,A, = \/6, the case with Ay = \/3,A, = \/6
can achieve about 138% SE improvement, while the case
with Ay = A\/6,A, = \/3 can achieve about 158% SE
improvement. This phenomenon indicates that the antenna
spacing of BSs has a greater impact on performance than
the antenna spacing of UEs. The reason is that uplink MR
combining can spatially suppress transmit correlation.

V. CONCLUSIONS

In this paper, we extend the channel model of single-
BS multi-UE XL-MIMO to the channel model of practical
multi-BS multi-UE XL-MIMO. We investigate the uplink
performance of the XL-MIMO system and consider two
different signal processing schemes. Then we derive exact
achievable SE expressions for any combining scheme and
compute the closed-form SE expression for the CF XL-MIMO
with MR combining. In numerical results, we investigate the
impact of antennas spacing and prove that the CF XL-MIMO
outperforms the small-cell XL-MIMO. Moreover, we reveal
that increasing the number of UE antennas may decrease the
SE with MR combining. We also prove that the decrease of
antenna spacing induces stronger correlations. Considering the
impact of polarized antenna arrays and developing novel signal
processing schemes based on the CF XL-MIMO channel
characteristics could be important topics for future work.

APPENDIX
A. Proof of Theorem 1

This subsection derive the closed-form SE expression for the
distributed XL-MIMO based on MR combining V.. = H,,,%.

We  begin with the first term Ej () =
\/52%:11[3 VI Hok = \/52%:1 Zpk, where
Zow = E{VEH,,} = E{HILH,,} € CN:xN
and the (n,n)-th element of Z,,; is denoted as

Zont e = B {0 b b =t (R,

Then the second term E{V/ n, ,nfV, ;1 can be com-
puted as E{VZ n,nfv,,.} = E{VL V,n,nfl} =
E {Hgkﬂmknmnﬁ} = amek.

Last but not least, we compute the last term T,,pm/ =
E {ngHleg,le/k} =E {H7anHm[H7Hn,le/k} for all
possible AP and UE combinations.

Case : m£m/,l £k

Since H,,; and H,,; are independent and both have zero
mean, we have E {H? H,, HZ, H,,/,} = 0.

Case 2: m#m/,l =k

Since H,,,; and H,,, are independent, we have
E{H! H,HY H,,} = E{H! H,H! H,} =
E Hngmk}E {Hg/ka’k} - kazm’k-

Case 3:m=m/,l £k

In this case, we define I‘SJC[

E{HE H,HE ) € O with D) =
th element of I‘fi;ﬂl. Since h,,; is independent
of h,, we have E{hfikmhml,ihgl_’ihmk,n/} -
tr(E{ by bl B By blt, ) =tr (RS R
So, we can obtain [I‘S}J”Ln/ =N tr (R:}IlR”m/,?)
Case &: m=m/,l =

We first define T, 2
CNSXN

[I>

being

E{HZ H,,,HZ H,,,} €
= whose (n,n’)-th element is

N
{r;‘fﬂ =Y B b b (19)
=1

According to [I3], we can then rewrite hy;
Ns 7ij
and  hypmny 88 hygg = 24;21 R.kX5
_ Ns pynj _ Ns ppn'j_ .
hikn = 3255 Ryxy and Dy = 3700 R x5, where

f{%ﬂ is the (n, j)-submatrix of R:T{,z and x; ~ CN (0,In,).
So we can obtain 20), shown at the top of next page.
According to [13]], @0) will be non-zero only for the case of
J1 = J2,J3 = ja and j1 = ja, jo = js. If j1 = jo,J3 = Ja,
@20) can be rewritten as @21I). If j1 = j4, jo = j3, @20) can be
rewritten as (22).

Plugging 20), @2I) and 22) into (19), we can obtain (23]
to finish the proof.

B. Proof of Corollary 2
Following similar steps from [13], we have

(X3 Xk Hink) = h (xk[Hpr) — b (%5 Xk, Hink) , (24)
where h (-) denotes the differential entropy. And we have

h(xi) = log, |melng| - (25)

Then, the estimate of x; at BS m with X,,, and H,,; is
Xmk = INE{\/ﬁV{;ILkaHHmk} E{)v(mk)vcflnﬂﬂmk}il)v(mk =
Emk,(Q)‘I’];%Q)kav where Emky(Q) =
E { PV prHik [Ho } = VBVE H,,
E{ &k Xp . ik } =

. (2) =
Vi, (p leil H,,HY, + aiINT) V.  The  estimation



H H
Ns
E{h5k o Boibig Dok, | = E Z RIx;, Z R, xj, Z RS Xj, S RLIxg, (20)
Jji=1 Jj2=1 Jjz3=1 Jja=1
H
Ns ) Ns Ns
E{ | S xIRETRY X, Z RIPRE, | =30 S w (RERE  u (RIPREL) @)
Jji=1 Jja=1 Ji=1j3=1
Ns Ns Ns Ns
E Zx RIS R xR Ry lxi, | 0= 3 o (RERIARERL]) @2
Jji=1 Jj2=1 Jji=1 Ji1=1j2=1
Ns Ns .
{ } Z Z [tr (RJI"RZJI ) (Rn Jszzl) +tr (lenRZh RJ21 30 chl)} (23)

J1=1j2=1

error of xj is denote by X,k then

h (Xk |Xmk, Hmi) is upper bounded by
h (Xk|)v(mk, Hmk S E {10g2 ‘ﬂ'eE {)Ncmkf(gk |Hmk} |}
gl (26)
=E {1Og2 ‘71'6 (INS — Emk (2)‘Ilmk (2) mk,(Z)) ’} .
Plugging (23) and 26) into (24), we have I (xx; Xk, Hpmr) >
E{log2 ‘INs"‘Emk (2)‘P;21(2)Emk)(2)’}, where W, 2) =
VE (02 B 4 021y, ) Vik To finish  the
proof, an achievable SE for UE k can be derived as (I7).

Xmk — kmk’
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