M entropy MBPY

Article
On the Downlink Capacity of Cell-Free Massive
MIMO with Constrained Fronthaul Capacity

Peng Zhang * and Frans M. J. Willems 2

1 IMEC the Netherlands, 5656AE Eindhoven, The Netherlands

2 Department of Electrical Engineering, Technical University of Eindhoven,
5612AZ Eindhoven, The Netherlands; f.m.j.willems@tue.nl
Correspondence: peng.zhang@imec.nl; Tel.: +31-404-020-409

check for

Received: 14 February 2020; Accepted: 4 April 2020; Published: 7 April 2020 updates

Abstract: We investigate the downlink of a cell-free massive multiple-in multiple-out system in
which all access points (APs) are connected in a linear-topolpgy fronthaul with constrained capacity
and send a common message to a single receiver. By modeling the system as an extension of the
multiple-access channel with partially cooperating encoders, we derive the channel capacity of the
two-AP setting and then extend the results to arbitrary N-AP scenarios. By developing a cooperating
mode concept, we investigate the optimal cooperation among the encoders (APs) when we limit the
total fronthaul capacity, and the total transmit power is constrained as well. It is demonstrated that
achieving capacity requires a water-pouring distribution of the total available fronthaul capacity over
the fronthaul links. Our study reveals that a linear growth of total fronthaul capacity results in a
logarithmic growth of the beamforming capacity. Moreover, even if the number of APs would be
unlimited, only a finite number of them need to be activated. We found an expression for this number.

Keywords: channel capacity; distributed beamforming; cell-free MIMO; constrained fronthaul

1. Introduction

Recently, cell-free massive multiple-input multiple-output (mMIMO) has been considered as a
key technology for beyond-5G networks. In such user-centric transmission systems, a large number
of distributed access points (APs) are connected to one central processing unit (CPU) via fronthaul
links and phase coherently cooperate to cover a wide area for a small number of users in the same
time-frequency resource using time-division operation. Compared to cell-based collocated mMIMO
solutions, such technology improves energy-spectral efficiency and enhances immunity to shadow
fading without extra signal processing burdens. We refer to [1-3] and the references therein for a
general overview of current developments of cell-free mMIMO.

Effectively utilizing fronthaul resources is of critical importance for deploying a scalable cell-free
mMIMO system. Considering the downlink for instance, simple distributed conjugate beamforming is
optimal, as shown in [1]. However, it can already be seen that a large amount of information exchange
over fronthaul links is required since all the APs need to know the message that is to be transmitted.
A star-topology fronthaul where each APs are individually connected to a CPU was originally modeled
and has been widely studied, see, e.g., [4-6] and the references therein. Currently, a serial fronthaul
connecting APs in a linear topology is considered for achieving a cost-efficient architecture, both in
deployment and maintenance [3]. A novel and promising technique relying on a linear topology is
the radio stripe system, where multiple APs are embedded in a cable/strip, see [3,7] in detail. Such
radio stripes can be easily and invisibly deployed indoor or outdoor in existing constructions to enable
numerous new applications [8].
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The focus of prior work in cell-free mMIMO study was on developing wireless signaling
techniques. In this paper, we study from an information-theoretic perspective the downlink of a
cell-free mMIMO system shown by Figure 1, where single-antenna APs are connected in a linear
topology with constrained fronthaul capacities to communicate to one single-antenna terminal receiver
(Rx).

CPU Fronthaul

APy_; APy

Figure 1. Cell-free transmit beamforming where access points (APs) are connected via serial fronthaul.

The considered multiple-in single-out (MISO) setup forms a distributed massive beamforming
system and can be formulated as a multiple-access-channel (MAC) with limited fronthaul capacity,
which is defined as the maximal amount of information that can be reliably sent per MAC channel
use [9]. By investigating the channel capacity of such a MAC, we reveal essential relations between the
three the most fundamental resources of the system, i.e., the total available number of APs (N), the
total transmit power (P), and total available fronthaul capacity (Cp). Specifically, in the current cell-free
mMIMO literature, the only configuration of APs that is considered is where full cooperation (full
beamforming) is realized and where the same information is shared at all involved APs. Therefore, for
a real-valued Gaussian MISO channel with N APs and unity channel gains, the maximum downlink
rate is given by the channel capacity

Crunl == %log2(1 +N-SNR) bits/channel use 1)

where SN'R is the received signal-to-noise ratio (SNR) if only one AP is active with all available
transmit power assigned to it. It requires Cgull := (N — 1)Cgyy fronthaul capacity among N APs.

In this work, we focus on the case where the available fronthaul capacity is not large enough
to support full cooperation of the APs. We were motivated to investigate the achievable downlink
rates given that fronthaul resources for communication between the APs is constrained. We call this
setting partial beamforming, since Cp < C%“H. We could derive the channel capacity and the optimal
cooperation strategies among APs for given total available P and N.

1.1. Related Work

We can model the studied system as a special extension of the multiple-access channel (MAC)
with partially cooperating encoders studied by Willems [9]. In particular, we can generalize the system
setup in [9] to a network of encoders by considering only one source but employing an arbitrary
number of encoders, namely APs, via unidirectional conferences. Since fronthaul links can be treated
as separate channels that are orthogonal to the beamforming MAC, our setup might also be viewed
as an extension of a special case of the orthogonal-component relay channel due to El Gamal and
Zahedi [10], which is generalized to relay networks by Ghabeli and Aref in [11]. In addition, if only
two APs are considered, our study is also strongly related to the multiple access diamond channel
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as studied in [12,13]. Moreover, the two APs setup looks very similar to the semi-deterministic relay
channels [14]. Furthermore, it is also worth to note that in our system, all APs cooperatively send one
message to a receiver at a same time. In this sense, our channel setting is “noncausal”, which is related
to the relay-with-delay channel studied in [15] in general.

1.2. Contributions and Organization

By investigating the MAC with limited fronthaul capacity in the discrete channel case and in the
Gaussian channel cases, the main findings of our research work include

e  The channel capacity is found for an arbitrary number of APs for both discrete channel and the
Gaussian channel with constrained transit power, where the total fronthaul capacity and the total
number of APs are limited.

e  When numerous APs are engaged, a linear growth of total fronthaul capacity results in a
logarithmic growing of the channel (beamforming) capacity.

e A concept of cooperating modes is developed to demonstrate the optimal cooperation among APs
to achieve capacity based on superposition coding.

e  When the channel capacity is only limited by the fronthaul capacity, the number of required APs
is quasi-linear to the available fronthaul capacity even if the number of APs would be unlimited.

e A new and sharp lower bound of the Lambert-W function is derived for computing the number
of required APs given by the total fronthaul constraint.

In the rest of this paper, the system model is first presented in Section 2. In Section 3, we start
with investigating a two-APs setting consisting of one fronthaul link. This setting serves as a baseline
system where the cooperating mode concept is developed. In Section 4, the study is extended to the
case where an arbitrary number of APs is engaged and the behavior and exact solution of the channel
capacity is derived. In Section 5, the number of required APs is derived to leverage limited fronthaul
resources if the number of available APs is unlimited. Finally, the conclusion and final remarks can
be found in Section 6. Detailed proofs and derivations of the presented results are collected in the
Appendix A. Partial material in this paper was presented in [16].

2. Problem Setup

2.1. Notation

Although all the paper, capital letters, e.g., X, denote random variables, and their realizations are
denoted by small letters, e.g., x. The probability mass or density function according to X is denoted by
px(x) or simply p(x). The expectation of X is denoted by E[X]. The entropy of X is denoted by H(X)
and the differential entropy is denoted by /(X). The mutual information between X and Y is denoted
by I(X;Y). The consecutive integer range from i to j with i < j is denoted by [i : j]. In addition, a set of
elements x,, with index m in range of i to j is denoted as {x,}/ _..

2.2. System Model

The investigated system is modeled as Figure 2, where we denote the CPU as the source, the
APs as encoders, while for the destination, the receiver is denoted as the decoder. As plotted,
one-directional fronthaul links connect N adjacent encoders that simultaneously send a uniformly
distributed message W € [1 : M] to a decoder (receiver). We focus on the study of the fronthaul
resource usage among all encoders. The discrete memoryless MAC denoted by (X; x A, X ... X
N, p(ylx1, x2, .0, x8), Y, {Cm,mﬂ}%;}) consists of input alphabets {Xm}zzl, output alphabet ),
a transition probability distribution p(y|x1, x2,...,xn), and a set of fronthaul capacity constraints
{Chm+1 }fz;} between N encoders.
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Figure 2. N encoders that cooperate in sending a message W to a decoder with limited fronthaul

communication.

Before the beginning of each 1 channel uses, (partial) information about the generated message W
is first shared among N encoders. Let Wy, 11 € [1: My, ypt1] for m € [1: N — 1] be the message sent
over the fronthaul link between encoder m to encoder m + 1. Then, the encoders map the messages W
and {W,, 1} _1 into codewords {x/,}N_, as follows

er(W) — (X{,Wp2),
em(wm—l,m) — (X::z/ Wm,m+1)/
en(Wnoin) — X3

where {e,;(-)}N_; are the corresponding encoding functions. Meanwhile, the generated fronthaul
messages should satisfy

1
- 108> Minm41 < Conme1- 2)

As presented, the corresponding fronthaul link capacity C,, ,,+1 > 0 is defined as the maximal amount
of information that can be reliably sent per channel use of the MAC channel over the link from encoder
m to encoder m + 1.

At the decoder, a deterministic decoding function d : V" — [1 : M] is applied to obtain the
message-estimate W based on the channel output y". We define the average probability of error at the

decoder as
P A Pr(W £ W). 3)

Now we say that a rate R is achievable with given fronthaul capacities {Cy,; ,+1} ﬁf;} if there exists N
encoders and a corresponding decoder, such that

log, M > n(R-9),
logy Mymy1 < nCimat, 4)
P < g,

for all 6 > 0 and large enough n. The channel capacity C (of MAC) as a function of the fronthaul
capacities is defined as the supremum of all achievable rates given by all the fronthaul constraints.
Eventually, we will be interested only in a constraint on the sum of the fronthaul capacities Cp that is
defined as

A N-1
CB = Z Cm,m+l- (5)
m=1
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To interpret the capacity results for the partial beamforming, we focus on MACs with additive
white Gaussian noise. At the output of the Gaussian MAC, the decoder receives

N
Y= Z Xmi +Zi, (6)
m=1
at time i, where X,,; is the transmitted symbol by encoder m and Z; is modeled as independent and
identically distributed (i.i.d.) Gaussian noise at the decoder for all i € [1 : n]. For individual encoder
m, m € [1: NJ, the transmit power constraint is

% f E[X5,] < Py @)

for Py, > 0. Then, the total transmit power is limited as

N
Py < P. ®)

m=1

Without loss of generality, we assume that Z; ~ A/ (0,1). Therefore, the transmit SNR can be directly
represented by the total constrained transmit power P.

3. Two-Encoder Result

We first investigate the simplest system setting where only two encoders are involved. The MAC
is now denoted by (X7 x X3, p(y|x1,x2), Y, C12). The fronthaul message Wy, € [1 : M1p] must satisfy
the constraint

1
. log, M1y < Cyp, )

which is same to the total fronthaul capacity Cp in this case. The underlying Gaussian MAC is given by
Y; = Xy + Xpi + Z;. (10)

Although this two-encoder setting can be considered as a special case of related work, see
discussion later, we provide here the capacity proofs for both discrete and Gaussian MACs. The
applied approach carries over to the N-encoder setting that is investigated in Section 2.

In the following, the channel capacity as a function of the fronthaul capacity is first obtained
for the discrete memoryless MAC. Then, we derive capacity results for the Gaussian case with total
transmit power constraint. Within this study, a so-called cooperating mode concept is developed that
will be very useful to provide cooperation insights among encoders when more of them are engaged.

3.1. Discrete Channel

First, consider the discrete channel setup.

Theorem 1. For the discrete memoryless channel p(y|x1,x2), the channel capacity C as a function of the
fronthaul capacity Cyy is given by

C(C12) = max min{I(Xy, Xp;Y), I(X1;Y[X3) + Ci2}, (11)

p(x1,x2)

where distribution p(x1,x2,y) = p(x1, x2) p(y|x1, x2) is determined by the input distribution p(xq, x2).

The detailed proof is provided in Section Appendix A.1, where the converse is based on the
Markovities of W — (X}, X5) — Y" and (W, Wyp) — (X}, X%) — Y", and the achievability is based
on applying superposition coding. For the achievability, the source splits the message W into two parts
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(W1, Wy2) and delivers the index of Wy over the fronthaul link to encoder 2 that maps Wy, into the
inner code while encoder 1 of the source encodes Wj into an outer code-word which is super-imposed
on the inner code-word. Although this coding scheme is simple, the cooperating mode concept that is
important for studying the multi-encoder setup will be developed based on the superposition scheme
as discussed later.

Remark 1. By viewing the two-encoder setting as a special setup of ([9], Figure 1), where only one source
and one conference link are deployed, we can have Theorem 1 by letting the common message U = Xy and the
conference capacity Cp1 = 0in ([9], Thm.). Note that the achievability in [9] which is based on binning becomes
superposition coding.

Remark 2. By viewing the two-encoder setting as a special setup of the multiple access diamond channel where
one source connects to two encoders (relays) by using two separate noiseless links, see [12,13], Theorem 1 can
also be obtained if letting C1 = oo, the common message V = Xy, and the common message rate Ry = Cy
(or Cp = o0, V = Xy, Rg = Cy1) in ([12], Thm. 2). Note that the achievability based on superposition and
Marton-coding in [12,13] becomes superposition coding only.

3.2. Gaussian Channel

Now we consider the Gaussian MAC of the two-encoder channel setting given by (10) with total
power constraint P, i.e., P} + P, < P, where

% ; E[x3] < P,. (12)

=2

E[x}] <P, and

1=

1
n:

I
—

1

This first leads to the following result.

Theorem 2. The channel capacity C(Cyy, P) of the two-encoder Gaussian MAC is

1 1
C(Cyp, P) = Orgnglgl min{i log,(1+ (1+B)P), > log,(1+ (1= B)P) + C12}. (13)

The proof is the adaptation of the discrete channel version given in Section Appendix A.1 by
considering the transmit power constraints and Gaussian channel noise.

Proof. (i) Converse. First note that without loss of generality (and without violating the power
constraints) we may assume that all E[Xy;] = E[Xy;] = 0 foralli € [1,n]. If we define (X3, X», Y) being
the random triple with density px, x, vy (X1, x2,¥) = % Zilil PXy;, Xy, Y; (X1, X2, ) then converse in Section
Appendix A.1 shows that

I(X],X5;Y") < nl(Xy,XpY),
(X3 Y"X5) < nl(Xy;Y|Xa), (14)

where the random variables X, X; satisfy E[X;] = E[X;3] = 0 and

E[x}] <P, (15)

-

Il
—

E[X7] <

E[X3] < E[X3] < P.. (16)

l— I
.M:

Il
—_
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First consider the random pair (Xj, X»). By applying the Cholesky factorization ([17], Thm. 4.2.7)
to the covariance matrix of [X, X1]7, the assignment of
X1 = a5y + w15y,
17
{ Xy = apSy, a7

can be obtained, where S; and S, are uncorrelated with zero means and unit variances.
Next, observe that if we take ), = a}, = (a21 + a22)/2 = a, this choice does not affect I(Xp; Y) =
I(S2;Y) and I(Xy;Y|X2) = I(S1;Y|S2), but minimizes the total transmit power for fixed ap; + a2y,

since
&p1 + a2

2

Therefore we only need to consider assignment

203 = 2( )? < a3; + agy. (18)

X1 =52 + 15y,
19
{ X2 = 0(252. ( )
Now we take a3 = P, a5 + a2 = P;, and 243 + a% = P. By denoting
2 203
P=—- (20)
in [0, 1], we further have
a2 =(1—BP) and a3 = pP/2. (1)
Taking the signal assignment (19) and the power assignment (21) gives that
I(X1,X2Y) = 1(51,52Y) = h(a1S1 + 2025, + Z) — h(Z)
(@) 1
< 3 log,(1+ (14 B)P), (22)
(X1, Y[X2) = I(S1;Y[S2) = h(a1S+Z) — h(Z)
0 1
< 3 log, (14 (1 —-p)P), (23)

where (a) and (b) follow by the maximum differential entropy theorem, see ([18], Thm. 8.6.5).
(ii) Achievability. Taking the assignment (19) by letting S; ~ N(0,1) and S, ~ N(0,1). Using the
power assignment (21) directly gives

I(X1,X2Y) = 1(51,5,Y) = %logz(l + (1+p)P), (24)
I(X5Y[X)) = I(Si;Y|S2) = %logz(l +(1-B)P). (25)

The rest of the proof follows by first establishing a coding theorem for the discrete memoryless channel
with input cost (power constraint). The step from discrete to Gaussian channels is justified by the
relation between differential entropy and discrete entropy, see, e.g., ([18], Thm. 9.3.1). O

Now, by optimizing over § in (13), we can further express C as a function only in total transmit
power P and total fronthaul capacity Cp, which is Cy; for this two-encoder setup.
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Corollary 1. The channel capacity C(Cg, P) of the total transmit power constrained two-encoder Gaussian
MAC can be expressed as

%logz(l +2P), if Cp> %logZ(l +2P)
C(Cg, P) = (26)

%logz(l +P) + %log2 (2 otherwise.

2
-

Proof. The two logarithms on the RHS of (13) are monotonically increasing and decreasing in j
respectively and equal to each other at § = 0. Hence, we can set

Slogy(1+ (14 )P) = 2logy(1+ (1~ )P) + Cy @)

to obtain the B that maximizes C for VCp € [0, 1 log, (1 + 2P)] as

(1+P)(22%8 —1)
P(22Cs + 1)

pr = (28)
This results in the second capacity expression in (26). Then, if Cg > }log, (1 + 2P), the second term is
always larger than the first term for any g in (13). This corresponds to the situation where Cp is large
enough and the transmission over the MAC is the bottleneck of the network. In this case, C remains at
its global maximum. [

Note that, for Cp < % log, (1 4 2P), the first term of the capacity result (26) is the channel capacity
with no beamforming and the second term directly represents the partial beamforming gain that is
independent of transmit power P and only grows as the fronthaul capacity increases. As revealed, the
partial beamforming gain increases with a same rate regardless of the transmit power P.

3.3. Cooperating Modes

Based on assignment (19) that possesses a superposition structure, we can naturally denote two
cooperating modes as what follows to describe the optimal cooperation between the encoders for the
capacity achieving.

e mode 1: Sending a private message given by #1S; from encoder 1;
e  mode 2: Coherently sending a common message given by a5, from encoder 2 and encoder 1.

According to (20), the parameter B represents the fraction of the total transmit power assigned to
mode 2 while 1 — B represents the remaining fraction assigned to mode 1. Note that f* given by (28)
should be taken for achieving the capacity.

Now consider the cooperation scenarios of the two encoders based on the availability of Cp. If
Cp = 0, the transmission reduces to the point-to-point communication case. This is represented by
having only mode 1 active and encoder 2 is inactive. If Cg > Cgyp, full cooperation can be achieved by
activating mode 2 only. For C1p € (0, Cgy), two encoders cooperate to achieve partial beamforming
capacity by activating both cooperating modes. Figure 3 illustrates the cooperating modes activating and
deactivating at encoders depending on Cp increasing from 0 to Cgyy.

O model
encoder1 (O @) [ mode2
- _
encoder 2
f } Ci2
0 Crun

Figure 3. Modes activation for the two-encoder Gaussian setting.
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For the two-encoder setting, the modes evolution due to available amount of Cp looks
straightforward. Nevertheless, it will be shown that this cooperating modes interpretation provides a
clear insight of leveraging available encoders for given certain total fronthaul and transmit power
constraints, where the optimal cooperation is not trivial as the number of encoders goes largely.

4. N-Encoder Result

Based on the investigations of the two-encoder setting, we extend the study to the system model
with arbitrarily N encoders, where N > 2. The parameter N in principle can be any large integer so
that a distributed massive beamforming is obtained. The investigation is focused on the Gaussian
MAC under the constraints of the total fronthaul capacity Cp and the total transmit power P, which
are defined by (5) and (8), respectively. Before addressing the exact capacity solution for arbitrary
N encoders, we first derive capacity bounds of C(Cg, P) to provide a general behavior of channel
capacity C in total fronthaul capacity Cp. The obtained result indicates that the growth of C requires
an exponential growth of Cp. By using the compound mode, the exact capacity solution with the optimal
cooperation among encoders are derived. The results show that the distributed beamforming system
works most efficiently when it is working in its fronthaul-capacity-limited regime. As a result, we
consider the case where encoders are always available to be activated as needed to leverage the entire
fronthaul resource.

4.1. Discrete Channel

For simplicity, let the tuple X} £ (X1, X141, - - -, Xm) be the collection of ordered transmitted
random variables that are generated at encoder [ to encoder m with [ < m for one channel use. In
addition, let C, = {Cjjs1} ]I\i _11 be the collection of the corresponding fronthaul capacities.

Theorem 3. For the discrete memoryless N-encoder setting, channel capacity C of the channel
P(y|xq,x2,...,xN) as a function of fronthaul capacities C,, is

C(Cy) = max_ min{I(X};Y), I(XY5YIXN, 1) + Comer ot |, (29)

p(x1,x2,...,XN)

with N > 2.

A sketch of the proof is given in Section Appendix A.2. As shown in the achievability, the capacity
is achieved by applying an N-layer superposition coding among the encoders, which naturally agrees
with the studied linear topology.

4.2. Gaussian Channel under Total fronthaul Constraint

By considering on the total power and separate fronthaul constraints, we first have the
following result.

Theorem 4. The the N-encoder Gaussian setting with the total transmit power constraint of P, the channel
capacity C as a function of the fronthaul capacities C;, is

(1 N 1 u _
C(C,, P) = mglx mm{i log, (1 + 2 1B,P), {5 log, (1 + Z 1B;P) + Cm/er]}z:—} }, (30)
P =1 =1

where p = (1, B2, ..., Bn)T is a probability vector.
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Proof. Similar to proof of the two-encoder setting, the generic signal assignment

N
Xm = Z oqul (31)

I=m

can be used at each encoder for m € [1, N], where {S;} ¥, are uncorrelated and have zero mean and
unit variance. Again, we can further apply the special signal assignment

N
X =Y S (32)

I=m

to minimize the total transmit power without affecting dependency of the different signals {S;}} ; at

the decoder that determines the beamforming capacity. In this way, the transmit power allocated for
signal S; can be expressed by

la?

1

pr=—7 (33)

such that YN | B, = 1.

Thus, for the converse, we can use the assignment (32) to evaluate (29) and the mutual
informations on the RHS are bounded as given by (30). Then, for the achievability, by letting
S; ~ N(0,1), the result follows. [

The proof shows that all the transmitted signals at encoders should form a Markov chain Xy —
XN-1 — --- — Xj. Again, since signal «;S; represents the common messages used at first / encoders,
we say that cooperating mode | is active if the signal S; is generated and sent and there can be N
cooperating modes in total for this N-encoder setting.

Now, we can solve the optimization problem

max(i:mize C(Cy, P) (34)
=b
N-1
subject to Y Cums1 =Cs, (35)
m=1

where C(C,, P) is given by (30), to investigate the total power limited capacity C under the constraint
of total fronthaul capacity Cp for a given P. To do so, we first prove the following lemma. Note that the
full-cooperation capacity is now Cg(N) = 11og,(1+ NP) when N encoders are used. For simplicity,
we denote the mutual informations as

1 m
I, & §1og2(1 + Y _IB/P) (36)
I=1

forany m € [1: NJ.

Lemma 1. For the N-encoder setting with any given Cp < (N — 1)Cgu1(N), power distribution B can only
be optimal if equality of all the terms on the RHS of (30) is achieved.

The proof is given in Appendix A.3.

Remark 3. Lemma 1 indicates that asymmetric distribution of Cp over fronthaul link is optimal. This result
will be further demonstrated after the capacity result is derived.
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Based on the reduced B set given by Lemma 1, we make the terms on the RHS of (30) equal and
have
Coum+1 =In—1In with me[l:N—-1]. (37)

Thus, the channel capacity and the required total fronthaul capacity in the power allocation vector
can now be represented as

N
C(B,P)=1Iy= %logZ(l + ) 1BiP), (38)
I=1
and
N-1 N-—1 N N-1 1 m
Co(B,P) = (N=1)Iy— ) In = —5—logy(1+ ) IBP) = ), Slogy(1+ ) IBiP) (39)
m=1 =1 m=1 =1

respectively for a fixed P if Cg < (N — 1)Cg(N). Based on (38) and (39), we can have the
following theorem.

Theorem 5. For the N-encoder Gaussian channel under the total power constraint P and total fronthaul
constraint Cp, the channel capacity is given by

max}gmize C(B P)=1In
N-1
subject to (N-1)Iy— ) In=Cs (40)
m=1
N
Y Bi=1and 0<pB <1 (41)

=1

To evaluate the channel capacity, we only need to maximize the function by introducing a
Lagrange multiplier A as

g(B,P,A) = Iy—ACp
N-1
= (1—(N71)/\)IN+/\H;11M 42)
1-(N-1)

A N /\N—l m
=~ logy(1+ ) IBP) +7 ) logy(1+ ) IB/P)
I=1 m=1 I=1

under the constraint that f is a probability vector to derive the solution of C(Cg) for the general
N-encoder case. Note that the parameter A is the slope of C(Cg). However, before working out the
exact solution of this optimization problem, we first derive general bounds of C(Cg, P) to reveal the
capacity behavior of the studied distributed beamforming.

4.3. Capacity Behavior Bounds

To obtain a simple but meaningful insight of the relation between C and the constrained Cp and P
for an arbitrary N, we propose an upper bound and a lower bound of the channel capacity to draw the
following conclusion.

Property 1. For any fixed total transmit power P and number of encoders N, a linear growth of total fronthaul
capacity Cp results in a logarithmical growing of the channel capacity as C can be bounded as

1 1
C< Elogz(l—kP)—|—§log2(1+21n2-CB), (43)
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and
C > %logz(l + (2In2 - PCp)%/3). (44)

for Cg < (N —1)Cun-

Proof. (1) Upper bound. By considering L € [1 : N] as a random variable with distribution g, the
capacity (38) can be expressed as

1
C= 3 log, (1 + urP), (45)

where y £ E[L]. By applying Jensen’s inequality, the corresponding fronthaul capacity Cg in (39) can
be lower bounded as

N-1 YNY a4, 1BP)

CBE(N—l)C—TlogZ( N1 )
N-1 YN-I(N —1)IB,P
= (N=1)C ~ ——logy(1 + =1 N1
(a) N-1 N — ug)P
> (N=1)C~ = logy(1 + %)
N-1 1+pu,P
= 10g2( N_ p)
2 1+ ﬂL(letL)

© (g —DprP
= 2In2- (1+ pLP)

(46)

where (a) follows p? < E[L?] and (b) follows Inx > 1— 1 for x > 0. Since yi;, > 1, we can have

—1)pLP —1)P .
Cp > 211(1P12L-(yL)f;LP) = 21(:1[5-(14)%) that results in p;, <1+ 2In2- (1352)Cp and thus (43).

2) Lower bound. Consider time-sharing of the rates given by only using one cooperating mode.
Hence, the channel capacity should be larger than or equal to an achievable rate R as

C>R% 5 log, (1 +kP), (47)
where k is the number of the activated encoders corresponding to the required total fronthaul capacity
Cp=(k—1R (48)

that achieves R. By applying Inx < X—\E for x > 1, see, e.g., ([19], Section 3.6.15), we have

R < 1 kP

L 49
= 2In2 /1+kP )

that gives an upper bound of Cp as

. _(k—1kP
~ 2In2V1+kP
(k —1)kP
2In2VkP

kv kP
2In2°

Cs
< (50)

<

Therefore, we can have k> > (2In2 - Cp)?/P that directly gives (44). O
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The upper bound (43) and lower bound (44) thus indicate the logarithmical behavior of C in Cp.
Figure 4 gives an illustration of these two bounds for 10-encoder Gaussian setting where total transmit
power is set at P = 21.

6._

—— Exact solution
- Upper bound
------ Lower bound

[&)]
T

SN
T

N
T

Channel capacity (bits/channel use)
- w

10 15 20 25 30 35
CB (bits/channel use)

o
o
o -

Figure 4. Upper and lower bounds on C(Cg) at P = 21 for 10-encoder Gaussian setting.

The exact capacity solution derived shortly is plotted as well as a comparison, showing that the
bounds describes the capacity behavior.

4.4. Compound Mode and Exact Solution

In what follows, we perform evaluation of the channel capacity given in Theorem 5 by defining a
compound mode (j, k) as a collection of all consecutive cooperating modes between and including modes
j.k € [1: N]with j < k. A compound mode (j, k) is referred to as active if all {B; }5_ j are nonzero and the
other elements in j3 are zeros. Note that using a single mode is a special case of compound mode. By
denoting

T — (51)

j2+(G+1P)

we have the following results.

Corollary 2. For an N-encoder Gaussian setting where Cg < (N — 1)Cpyy with a fixed transmit power P, if
there is a compound mode (j, k) such that UB > LB, where

1 if j=1
upe M0 e 52)
{ mm{ﬁ,b(] -1} if j>1,
a ) max{x,b(j)} if k<N
LB = { b(j) if k=N, (53)

the channel capacity corresponding to the slope A € [LB, UB] is achieved and only achieved by using that
compound mode which gives

C(N) = 5 logy

k(1 — (k—1)A)(1+ jP)
jA=(G=14)

), (54)
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and

1 2((2Ay—k0a+jpﬂ—1.(kmy—(k—])A)V‘l). (55)

Cp(A) = 3 log = 1(1;1) (1= (G—1)A))1
=

The proof is given in Appendix A 4.

Remark 4. The proof in Appendix A.4 shows that if compound mode (j, k) achieves the capacity and k > j + 2,
the modes in [j + 1 : k — 1] should be assigned with same power amount as the optimal setting.

Remark 5. By rewriting (55) and comparing it to (54), we can also represent Cp in terms of C as

(i 1 Ak(1 — (k—1)A))FT
C(A) = (j=1)C(A) + 5 logy RIS ). 56)

for a certain slope A € [LB, UB].

4.5. Modes Selection for Capacity Achieving

The results in Corollary 2 state how the capacity is achieved and expressed over a certain A range.
To further elaborate how to exactly use cooperating modes from no cooperation to full cooperation, a
procedure efficiently activating modes is developed based on applying the following result, where an
identification of valid compound modes that are the ones resulting in capacity is provided in terms of
using a power penalty.

Corollary 3. For any fixed P, a compound mode (j, k) achieves the capacity if and only if

2(k—j—1 2(k—j+1

ifi—l<P§f$—l—%f, (57)
jG+1) i =11 =&

where [-] is the ceiling function. If (57) is satisfied, compound modes (j', k') with j' > jand k' < k do not

achieve the capacity.

The proof is given in Appendix A.5. The power condition (57) indicates that a compound mode
needs certain transmit power to be supported to be optimal. On the other hand, some compound
modes can never be optimal if the transmit power is too large.

Now, note that C is monotonically increasing in Cp owing to nonnegative slope A and
monotonically decreasing in A according to (54) when j and k are fixed. It shows that to achieve
the capacity, compound modes should be activated in a way such that the corresponding slope range
varies from large to small as Cp increases. Therefore, based on the results in Corollary 3, an algorithm
is resulted for computing C and Cp over Cp € [0, (N — 1)Cyyy] by activating valid compound modes
sequentially.

Algorithm 1 represents the cooperating strategy among encoders. It reveals that cooperating
modes should be activated one-by-one to form new compound modes with the increase of Cp. At
certain point of the growth of C, the first mode dies, i.e., deactivated owing to the limited P or N.
With the further increasing of Cp, lower modes die in a one-by-one fashion till the full cooperation is
obtained.

Figure 5 plots the results for P = 1 and P = 21 by applying Algorithm 1, C(Cg) over the full
range of Cp € [0, (N — 1)Cpyy]. Different number of the available encoders are considered. In the
plot, each color segment represents the corresponding activated compound mode. In addition, the
pentagram markers label the points where a lower mode has to be deactivated (dead) because of the
power penalty (57) or because all N encoders are all used up, namely operations in line 13 and line 9
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of the algorithm, respectively. It is shown that for low SNR, i.e., P = 1, the modes die fast due to the
small power. On the other hand, for large SNR, i.e., P = 21, the larger available encoder number the
slower the modes die such that higher capacity can be achieved (consider curves of using 2-encoder,
3-encoder, 4-encoder, and 5-encoder).

Algorithm 1 Compute C and Cp from no cooperation to full cooperation

Initialize: j < land k < 1
Ensure: 1 <j<k<N
1: while j < N do
2. if Power condition (57) is satisfied then

A« [LB,UB]
Compute C(A) and Cg(A) by (54) and (55)
if k < N then
k+—k+1
else
k+ N
jj+1
10: end if
11:  else
12: k+ k-1
13: jj+1
14: end if
15: end while

20-encoder
I

L P=21
35 \ ——

= R f

4-encoder 5-encoder
251 \ 3-encoder

Channel Capacity (bits/channel use)

2-encoder
2 -
P=1
1.5 \ o /T/
20-encoder
| /ﬁk/g/%\
4-encoder 5-encoder
3-encoder
05 2-encoder L * 1 l l J
0 2 4 6 8 10 N "

CB (bits/channel use)
Figure 5. C(Cp) at P = 1 and P = 21 for different N-encoder settings.

Property 2. As probably the most natural strategy, the way of applying modes in the lower bound proof of
Proposition 1, i.e., time-sharing full cooperation of small number of encoders, is not optimal in general. However,
it is sub-optimal when SNR is small as the compound modes that achieve capacity reduce to single modes.
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To visualize each mode evolution from no beamforming to total beamforming, we can illustrate
the power allocation for each cooperating mode as Cp increases. By incorporating calculations of
(given in Appendix A.4) and (37) into Algorithm 1, Figures 6 and 7 show the modes’ power evolution
of the 10-encoder setting for P = 5 and P = 21, respectively. It is shown that the first mode dies faster
when P is relatively small. They also interestingly show that once Cp is large enough to approach the
total beamforming, the last mode dominates as other modes all vanish.

Moreover, we can also elaborate the cooperating of encoders in terms of showing optimal
distribution of Cp over fronthaul links. Figure 8 illustrates the distribution of the 10-encoder setting
where the bolder curves are for P = 5 while the lighter curves are for P = 21. In each case, the
fronthaul capacity curves for Cy,,+1 for m =1 to m = 9 are located from left to right in the plot. This
result further demonstrates the asymmetric water-pouring assignment of Cp over fronthaul links, see
Remark 3.

mode 1
mode 2
mode 3
mode 4
mode 5
mode 6
mode 7
mode 8
mode 9
mode 10

transmit power

15 20 30
CB(bits/channel use)

Figure 6. Optimal power allocation for modes distribution for 10-encoder Gaussian setting at P = 5.

transmit power

!

20 25
CB(bits/channeI use)

Figure 7. Optimal power allocation for modes distribution for 10-encoder Gaussian setting at P = 21.
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r
[N} o
T T
—

s
o
T

bits/channel use

—_
T

P=5

<
(3]

0 it 1 |
0 5 10 15 20 25 30 35

CB (bits/channel use)

Figure 8. Optimal distribution of Cp at P = 5 and P = 21 for 10-encoder Gaussian setting.
4.6. (1,k) Mode and Capacity Regimes

Consider the case where (1, k) mode achieves the capacity for k < N. In this case, the growth rate
of C(Cp) is independent of P and N, see the expression of Cp in (56) with j = 1. Therefore, we call that
the system works in a fronthaul-capacity-limited regime when a (1, k) mode is used. The reason why
we are interested in the fronthaul-capacity-limited regime is that C(Cp) achieves the fast growth rate
regardless of P and N. As a further increase of Cp, the first mode dies due to either limited P or limited
N. We then call the system works in a power-limited regime or encoder-limited regime, respectively.
When the system is in either power-limited regime or encoder-limited regime, C(Cp) growth is slowed
down compared to when the system works in the fronthaul-capacity-limited regime. This is due to the
discontinuities of the slope A, see the derived optimal upper and lower bounds of A. The following
result shows how to determine which regime the system works in for given Cp, P, and N.

Property 3. For given P and N, if
P<N-2, (58)

the capacity growth is limited by P and the system works in a fronthaul-capacity-limited regime if

(1+DP)(2+ P))P)
pp+1)y

1
Cp < 5 log, ( (59)

where P £ [P]. Otherwise it works in a power-limited regine.
On the other hand, if P > N — 2, the capacity growth is limited by N and the system works in a
fronthaul-capacity-limited regime if

(N(3+2P— N))N-1
(N —1)IN! )

Cp < % log, ( (60)

Otherwise it works in a encoder-number-limited regime.

Proof. Modes dying hampers the growth of C in Cg. Consider that the first mode of the compound
mode (1, k) dies because of constrained P not N. In this case, P must satisfy (58) which is given by
the lower bound of (57). Consequently, at the moment after the first mode dies, i.e., compound mode
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(2,k) is active, we have j = 2 and k =~ [P] + 1 given by taking the upper bound of (57). This j, k setting
resultsin A = ﬁ so that (59) is obtained by evaluating (55).

Similarly, considering the compound mode (1, N) can be supported by P, the first mode dies
because that no new encoders can be used. At the moment of first mode dying, i.e., compound mode
(1,N) is still active, we thus have j = 1 and k = N, which also result in A = ﬁ Hence, (60) is
resulted. O

Figure 9 plots C(Cp) of 10-encoder setting for P = 5 and P = 21, respectively, where the
regime separations are indicated at the first mode dies for both powers. It is illustrated that in the
fronthaul-capacity-limited regime, C has the highest growth rate no matter what its initial value
is (point-to-point communication). In the next subsection, we focus on a system working at the
fronthaul-capacity-limited regime.

\
’L///Jz% Fe——H ks
| T

|

| P=21, 10-encoder

/ Fornthaul- <‘_: > Encoder-number
|

capacity-limited limited regime
regime

‘ */),5( Hﬁﬁ&
\
/ P=5, 10-encoder

w
(6]
T

N

AN

Channel Capacity (bits/channel use)
N
[6)]

151 < | —>
: Fornthaul- | -
N Power limited
capacity-linmited )
; regime
regime |
1 l‘ Il Il Il Il Il |
0 5 10 15 20 25 30 35

CB (bits/channel use)

Figure 9. C(Cp) at P = 5 and P = 21 for 10-encoder Gaussian setting.

5. Infinitely Many Encoders

Consider designing a system in practice when Cp and P are critical resources while available
encoders could be many, for instance, the radio stripe system. Based on the previous study, we should
always try to let the system work in its fronthaul-capacity-limited regime where the fronthaul capacity
is maximally utilized. Hence, we are motivated to determine the number of encoders that are required
to be activated for a given Cp by considering infinitely many of them are available when the system is
purely fronthaul constrained.

To directly solve k, the highest active mode that is the number of required encoders, from (55) or
(56) is not trivial. To achieve an accurate approximate result, we first need the following lemma, of
which the proof follows the outline in [20] and is given in Appendix A.6.
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Lemma 2. The non-principle branch of Lambert W function W_1(-) defined in the interval [—e~1,0), see [21],

can be bounded as follows
W_q(—e )y > —x — J2x —1 (61)

forx > 0.

Remark 6. Figure A3 shows that for Yx > 0.5, the lower bound (61) is much tighter than W_1(—e~(+1)) >

—x — /2x — 1 given in [20], which is the tightest bound of W_1 (-) reported in the literature so far, to our
best knowledge.

Property 4. When the system works in the fornthaul limited regime, the number of required encoders k is
quasi-linear to the available fronthaul capacity as

k=|Cp+ (2Cs +1)/3 415, (62)
where Cp in nats per channel use and | - | is the floor function.

Proof. As the system works in the fronthaul-limited regime, compound mode (1, k) exists. Thus,
according to (56),

Cp =

1. A1 = (k—=1)A))k1
ey ) )

in nats. To upper bound k, we lower bound Cj by taking A = 2(,(17_1), see the bound (52), which gives

1 kk—2 k—1 k—1
Cp = ((k(—l)!))Z )
(@) 1 eZ(kfl)kk72
> 3 InCag—pr)
= k—2—lnk+gln(%)
(b)
> k—Ink—15 (64)

where (a) follows by applying (k —1)! < e(k — 1)"’%6_1‘Jrl derived based on ([22], 6.1.38), and (D)
follows by taking the fact that (% )¥ is monotonically decreasing in k and goes to e as k — co.Therefore,

we have
—exp(Cp + 1.5) > —kexp(—k). (65)

Now, solving k and applying (61) give

k < —W_i(—exp(—(Cp+15)))
< Cp+ Y25 FI+15.

Finally, since the number of encoders is a integer, (62) is resulted. [

(66)

In Figure 10, the bound of k given by (66) and the actual number encoders required to be activated
are plotted as a function of Cg. It is revealed that the derived result is accurate enough.
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Figure 10. Number of required encoders in relation to Cp for fronthaul resource maximum usage.
6. Concluding Remarks

In this paper, the downlink of a cell-free mMIMO in which multiple APs connected in a linear
fronthaul topology serve as a single receiver was studied to reveal relations between the three
fundamental network resources, namely the total fronthaul capacity Cp, the total transmit number
P, and the number of available APs N. Specifically, we focused on partial distributed beamforming
where the total available fronthaul capacity is not enough to support full cooperation between all APs,
i.e., beamforming. By formulating the problem as a MAC channel with multiple encoders linked in a
feed-and-forward setting, we derived the channel capacity as a function of the total fronthaul capacity
for both discrete and Gaussian channels. The derivation was started by considering two encoders
and then we extended the analysis multiple encoders. It was demonstrated that capacity is achieved
by multi-layer superposition coding from which the concept of cooperating mode was developed
for the Gaussian channel. This cooperating mode technique leads to optimal cooperation among
encoders. Bounds on the capacity for N-encoder setting demonstrated that this channel capacity grows
logarithmically in Cp for a fixed P. The exact capacity solution shows that the capacity is achieved if
and only if by certain compound modes are used. An algorithm was derived for computing which
compound modes should be activated as as function of Cp, which grows from zero to the value
obtaining full beamforming. We demonstrated that Cp should be water-poured over the fronthaul
links to obtain optimality. Finally, by considering the case where infinitely many encoders are available,
we showed that the number of required encoders is quasi-linear to the available total fronthaul capacity
when the system is purely constrained by fronthaul resources.

Future directions include extending the results to channels with links which do not have unit
gain as is the case here, and considering multiple receivers. Another interesting direction would be the
equivalent uplink case.
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read and agreed to the published version of the manuscript.
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Appendix A. Proofs and Derivations
Appendix A.1. Proof of Theorem 1

(i) Converse. Consider Fano's inequality H(W|Y") <1+ Pe(n) log, M = F for F 214+ Pe(n) log, M.
Since W — (X}, X%) — Y" forms a Markov chain, we have that

log, M = H(W) = [(W;Y")+ H(W|Y") < [(W, X1, X2;Y") + F

n

< I(XPXEY") 4+ F < Y (X, X0 Y;) + F (A1)
i=1

< nI(Xl,Xz;Y|Q) +F< nI(Xl,Xz,' Y) + F.

Moreover, from the Markovity of (W, W) — (X}, X3) — Y", we obtain that

log, M=H(W) = IW;Y")+HW|Y") <I(W,Wi;Y")+F

= I(Wi Y") + I(W; Y"|Wip) + F <log, M1y + (X} Y"|X}) + F
. (A2)
< nCrp+ I(XPY"XE) + F < nCip+ Y_1(Xq;; Y| Xoi) + F
i-1
< nCip + nI(Xy;Y|Xa, Q)+ F < nCip + nl(Xy; Y|Xa) + F.

In the above derivations, the random variable Q is uniformly distributed on [1 : n] and Pr{X; =
x1, Xo = XZ} = % Z{il PI‘{X]Z‘ =x1,Xp = XZ} for x; € X1, xp € Xp. If now bothd — 0and n — oo we
obtain that

R < min{I(Xl,Xz;Y), I(Xl,Y|X2) —|—C12}, (A3)

for some distribution p(x1,x2,y) = p(x1, x2)p(y|x1, x2), for all achievable rate R. This concludes the
converse for the discrete memoryless two-encoder case.

(ii) Achievability. We prove that if the message rate (1/n)log, M < Cg(Cj2) for a given fronthaul
capacity Cq, the message error probability Pe(n) approaches zero if the codeword length n increases.
Our coding method is based on superposition.

Codebook Generation: First fix a joint probability distribution {p(x1,x2),x1 € &, x, € A, }. This
distribution determines px,(x2) = Yy ex, P(x1,x2) and px,|x,(x1|x2) = p(x1,%2)/px,(x2) for xa
with px,(x2) > 0. Now generate at random M, i.i.d. sequences x§ € A" of length 1, each drawn
according to Pr{X} = xJ} = [T'_; px,(x2;) and index these sequences as x} (w,) as an inner code,
where w, € [1: My]. Then, for each such x4 (w,), generate M; sequences x} (wq, wp) drawn according
to Pr{X] = x{|X5 = x5(w2)} =ITq Px,|x, (*¥1i|%2i(w2)) in an i.i.d. fashion as an outer code, where
wy € [1: My]. The resulting codebook is revealed to both encoders and to the decoder.

Encoding: Split the message W that is uniformly distributed on [1 : M] into (W1, W,) with
M = M; X Mj, where the first part W;, which is uniformly distributed on [1 : M;], is transmitted
by encoder 1 and the second part W, which is uniformly distributed on [1 : M| and is conveyed to
encoder 2 by Wy, is transmitted by two encoders cooperatively. Hence, when (W, W) = (wq, w>),
encoder 2 sends x} (w) while encoder 1 inputs xJ (w;, w,) into the MAC.

Decoding: Let € > 0. Based on the observed channel output sequence y", the decoder finds the
message pair (wj, wy) such that

(] (w1, ws), ¥ (w2), ") € A (X1 X,Y), (A4)

where set Aé”) (X1X2Y) is the set of jointly e-typical sequences, see Cover and Thomas [18]. If such a

pair cannot be found, or if there are more than one such pairs, an error is declared.
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Probability of Error: Due to symmetry, the average probability of error is equivalent to the
probability of error for an arbitrary message w € {1,...,2"8}. Hence, without loss of generality,

we assume W = w = (w1, wp). Thus, we have

p" Pr{E®(wy, wp) U U E(@y,@2)}
(@1,2) #(w1,w2)
Pr{EC(wl,wz)} + Z PI’{E(ZT)l,Zf)z)}
(W1, W2) # (w1,w2)
Pr{E‘(wy,wp)} + ), Pr{E(@y,wa)}+ ),  Pr{E(@, @)},

1 #wy (W1,@2): W2 Fwa

IN

where A
E(wy,wp) 2 {(x" (w1, wy), xi (w), Y") € AY (X1 X))}

Due to the Asymptotic Equipartition Property (AEP), it can be shown that
Pr{E (w1, wy)} <,
for all n large enough. Moreover

Y, Pr{E(@,w2)} < (Mi—1) ), P({|x5)P(x5)P(y"]x5)
W1 AWy .c;11’x121,yn)€/4£”)

€
< (M —1)27 (XY [Xp)—4e)

and
Y, Pr{E(@, @)} = Mi(Ma—1) ), P(][x5)P(x3)P(y")
(Zf)l,ZT]z):ZI}z#Z/UZ (x{',xg,y”)€A£">

< My (My —1)2 (X Xo3Y)=5¢)

Now as long as

M; 2n(I(X1Y]Xp)=5¢)

MM, < on(1(X1,X2;Y)—4e) ,

IN

Pe(n) < 2¢ for all n large enough. Therefore we take

log, Mo = min{n(I(XyY)+¢€),nCi},
log, M1 = n(I(Xy;Y|X3) — 5e),

then both (9) and (A10) are satisfied. Note that this implies that
log, MiM, = min{n(I(Xy;Y|X2) —5€) + nCip, n(I(X1, X2 Y) — 4€)}.
If we now let e — 0, the achievability part of the Theorem 1 is thus established.

Appendix A.2. Proof of Theorem 3

(A5)

(A6)

(A7)

(A8)

(A9)

(A10)

(Al1)

(A12)

The proof is a generalization of the proof of the two-encoder settings. Consider a simplified block
diagram of the N-encoder setting as shown in Figure A1. Now, consider a cut of the fronthaul link
between Xy, and X1 for any given m € [1: N — 1] such that the nodes in the network are separated

in two sets of {X7'} and {X},;, Y}.
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Figure A1. Simplified illustration of the MAC for the N-encoder setting.

(i) Converse. Consider the Markovity of W — (X!, X%, ..., X%) — Y". By applying Fano’s
y 1742 N y applying
inequality, we first have

IOgZM < I(W,le,...,WN,LN,'Yn>+H(W|Y”)
< I(X{,X5,..., X3 Y+ F
n (A13)
< ZI(Xlll XZZ/ ‘-/XN,';Yi) +F
i=1
< nI(XN;Y)+F
Then, considering the cut between X, and X,,, .1, we have that
10g2 M = I(W, W12, ey WN—l,N; Y”) + H(W|Y”)
< IWim Y') +TW, Wiz, oo, Wo 1, Y Wit - - Wi N) + F
< logy Mymy1 + I(XY, X5, .., X Y Xy, XFy) + F (A14)
n
< G + Y _I(Xni, Xai -+ o) X Yil Xonsrir - - Xnji) + F

i=1
< ncm,m+1 + nI(XT; leerl) +F

Note that the above result is valid for any m in [1 : N — 1]. Thus, by letting n — oo the converse
follows.

(ii) Achievability. First consider the message W that can be represented by N independent
messages as W = {W;}V |, where each W; is uniformly distributed on [1 : M;] with [Ty} = M.
Then, given by the linear topology of encoders, we distribute {W;}Y | into the network in the
manner illustrated by Figure A2, i.e., for the link between any X, and X,,, 11, the fronthaul message
Wim-+1 conveys corresponding messages {W;} . Therefore, for a fixed distribution p(x1,xo, ..., xn)
and corresponding marginals, we can first generate My ii.d. n-sequences x};(wy) with wy €
[1, My] according to Pr(X}, = xN) = [T, px,(x,) and then for each x};(wy) generate My_1
iid. n-sequences x%;_;(wn_1, wn) with wy_1 € [1, My_1] according to Pr(X},_; = x}_,|X}, =
xN(wn)) =TT, PX, 1|, (Xu—1i|X4i(wn)) and so on. In this way, an N-layer superposition codebook
is generated and revealed at both encoders and decoder.
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Figure A2. N-layer superposition coding message structure.

Thus, for sending a message w, encoders transmit sequences {x, (W, W41, - .., WN) }%21 over
the MAC channel. At the decoder, a unique message tuple (wy,ws,...,wy) is found by using
simultaneous typicality decoding as performed for the two-encoder case. By taking the similar
probability of error analysis, it gives that, as long as

M; < on(I(X1;Y|X)')—5¢)
MM, < 2”(I(X11X2;Y|§§1))75€),

(A15)

N
HMm < zn(I(X{V;Y)—zle)’
m=1

we can have Pe(") < 2e for all sufficiently large n and any € > 0. By further considering My < 2MEN-1N
My_1My < 2"CN-2n-1, . and [TN_, < 2"Ci2, we can subsequently take

log, My min{n(I(Xn;Y)+€),nCn_1n}

logz MNfl = min{nI(XN,l; Y‘XN), nCNferfl — 10g2 MN}

(A16)

log, M1 = n(I(Xy;Y|XY) - 5e).
Finally, observe that (again subsequently)
log, My = min{n(I(Xy;Y)+e€),nCn_1n}
Ing My_1My = min{I(XN,l,XN;Y) +€,
I(XN-1;Y|XN) +nCN-1,N,nCN-2N-1}

(A17)

N
log, H M,,

m=1

= min{n(I(X};Y) —4e),
{I(—T?Y‘Xﬁ-}l) + Cm,m+1}z;% ’

log, M

which establishes the achievability for n — co and € — 0.

Appendix A.3. Proof of Lemma 1

For any fixed Cp < (N — 1)Cqy(N), we first consider a realization of . Since I, < I+ for any
m € [1,N — 1], by distributing Cp on top of {I,,}N_1 in a water-filling fashion, we can always have
two possible cases if the equality of all terms on the RHS of (30) can not be achieved, i.e.,

Case (a): Z(Cp,B) < (A18)
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or Case (b): Z(CgB)>In, (A19)

where j is the smallest index such that Cy, 41 = 0 forallm € [j—1,N —1], and Z(Cg, ) =
Im + Cym+1 for any m such that Cy, 11 # 0, namely the ‘water level’. Once the water-fﬂliﬁg is
performed, we fix the corresponding distribution of Cg.

For Case (a) where C = ¢, we now can decrease { ﬁm}N - to increase B such that . is increased.
For Case (b) where C = Iy, we can look for an m < N with ﬁm > 0 such that by decreasing B, Bn
increases and Iy increases as well. Therefore, the B satisfying Case (a) and Case (b) are not optimal.
The equality of the terms on the RHS of (30) is thus 1 necessary.

Appendix A.4. Proof of Proposition 2

Three steps are taken in the proof. In step (1) we show that an active compound mode (j, k)
achieves the capacity if LB < UB is satisfied. In step (2) we show that using any two separated active
modes (all other modes are inactive) does not achieve the capacity. In step (3) we show that exact
solutions of (54) and (55) are resulted.

Step (1) Note that function g given in (42) is convex-N when A < klj if the largest activated
mode is k. So, we set the partial derivatives of g with respect to {B;}Y, according to the Kuhn-Tucker
conditions, see ([23], eqn.4.4.10 and eqn.4.4.11), when the active compound mode (j, k) achieves the
capacity. By considering (42) in nats, the partial derivative of function g with respect to g; is

dg  1—-(k—1)A iP

IPi 2 1+ X 18P
+AN21 iP
1+Y%,1B/P

(A20)

wherei € [1: N].
Step (1.1) Firstly, by only considering that compound mode (j, k) is active, i.e., all {ﬁi}f«‘:j are

nonzero, while the other {p; }] L and {B;} N, .| are zeros, the partial derivative can be expressed as

i=k+
9 _ 1—(k—1A iP
— k
9Bi k_21 1 +z, i 1BIP (A21)
2 mzll l,BlP
For simplicity, we denote that
D) =1+ ilﬁ,P. (A22)

I=j
Now, consider that the partial derivatives corresponding to i € [j : k| should be all identical to
some value y, ie.,
ag _ 98 98
23— == 9 =y, (A23)
B 9Pj1 e

to find the capacity solution in terms of optimal distribution of . Note that

g 1-(k-DA kP
B 2 DK "

(A24)

For the case of k > j, we can recursively evaluate the equalities in (A23) as dg/dB; = dg/9Bi_1 by
taking i from k to j + 1 in a descending order with the use of (A21). In such a way, it is obtained that

A i(i+1)P

2 Db N for ie[j:k—1]. (A25)
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Now, based on (A24) and (A25), we can derive expressions of { ﬁi}f: ' by considering two scenarios.
Scenario 1: Consider k > j + 2, i.e., at least three consecutive dees are active. By taking i = j

and i = j + 1, (A25) can be used twice to obtain the equality #j) = % that gives the relation
(1+/)Bj+1P 1
B;iP = — 2 7 (A26)
For k > j + 2, expression (A25) allows us to further obtain
ii+1) (i+1)(i+2)
= A27
D{) D(i+1) (A27)
by taking i in the order of j 4+ 1 to k — 1, which results in an interesting and important relation
ﬁi:ﬁj+1 for i€ []+2k—1] (A28)
Therefore, by applying relation (A26), we can express D(k) as
K> —k
D(k) = TﬁjHP—i-kﬁkP, (A29)

which is valid for the case of k = j 4 2 as well. So, by setting (A25) equal to (A24) withi = j as

1—(k—1DA kA j(j+1)

2 Dl 2 D()’ (430)
and substituting D(k) in (A29), we can first derive the power of modes from j+1tok — 1 as
2A(1+jP)
it1P = — . (A31)
Fraf = = =)

According to (A26), we can then obtain the power of the first mode as

_AA+)A+jP) 1
AP=Ta—G-na T § e

Furthermore, owing to Zi-‘: J Bi = 1, we can finally represent the power of the last mode as
1 1 .
BiP =P+ 7 - E(Zk —j—1)Bj41P. (A33)
Now, applying the total power constraint, we should have

0<BP <P
0<BjyP<P (A34)
0<,3jP<P.

By substituting (A33), (A31), and (A32), the corresponding slope A should simultaneously satisfy

! P P
2(k—1)+jP(2k—j—1) 2(k—1)
D L
0<A< 2P P (A35)
1
<A< =

j2+(G+1)P) 2j
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Since k > j 4+ 1, it is easy to see that the lower bound of A is i For the upper bound, if

2+(]+1) )N
2(k—1) > 2+]1]?ljr]2P’ itleads to P < W Due to j < k —2, such P results in
. ) . 2(+1) _
24+ (G+1)P) <2j+ %3 <2(k-1), (A36)

which contradicts the lower bound. Therefore, to make the compound mode exist, the slope should be in

the range
1 1

— <A< .
i+ (j+1)P) 2(k—1)
Scenario 2: Consider k = j + 1, i.e., the compound mode only consists of two modes. So, letting (A24)
equal to (A25) gives the relation

(A37)

CAMI+)BP 1
BiP=—1—5 — T (A38)

By considering ; + ;11 = 1 now, it is obtained

(1—2A)(1 + jP)
j1=(—=14)

and a same f3;P expression as in (A32). If such compound mode gives optimal solution, the condition

Of<( iél;; P should be also satisfied, which gives A € (m, 7 ]) that is consistent with the result

Step (1.2) Secondly, consider that the derivative ag /0Byyifor Vi € [1: N — k] with k < N should
be less than y as denoted in Step (1.1). Since {Bi;} V.5 =0, we have

Bjiw1P = (A39)

dg 1—(k+i—1A (k+i)P

P 2 DK —
< aaé’k _1= (kz_ LY Dkgc) (A41)

which directly gives
A > zl—k (A42)

Step (1.3) Finally, consider that the derivative dg/dp;_; for Vi € [1 : j — 1] with j > 1 should be

less than u as well. Since { ﬁ],,}f: = 0, we have

9g 1—(k—1)A (j—i)P
Bii 2 " D(k)

A LA =l (j—i)P
+3(=0P+35 ), . (A43)

Similarly, by upper bounding this derivative by y given in (A24), we can have

1—(k—1)A i
2

N\>
M\>

*5 Lot

(j— )P, (A44)

where the summation can be computed by using relation of (A25) as

Ak 1
3) 0. (A45)
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By further incorporating y given by (A24) and D (k) given by (A29) into (A44), the inequality becomes
to
1-(k=1)A i —1A k-1
(], AU 1, A ——Bi11P+ BiP). (A46)

By substituting (A31) and (A33) for B;;1P and P, it can be easily shown that

i 1

NS Go AR < G- DE ey (A

where i > 1 is applied in the bounding for the last step.

Note that, Step (1.2) and (1.3) and resulted bounds of A also cover the the case of j =k, i.e., only
one mode is active and achieves the capacity. Now, by considering the ranges given by (A37), (A42),
and (A47), the slope bounds in (52) and (53) are resulted.

Step (2) Assume that the capacity can also be achieved by only activating any two separated
modes j and k/, where j’ € [1: k' — 1] and K’ € [j + 1, N|. Then, the Kuhn-Tucker condition requires
dg/ P = 98/ Bjr, which results in the relation of

1—-(K-1Ar 1 A1
: S — (A48)
/ / 1R/
2 /D(k') 214 B;
Note that in D(k’) only Bj and f; are nonzero. Moreover, for Vi € [1 : k' — j' — 1], we have
o8 1—(K—-1A (K —i)P Ai(k'—i)P
B 2 D) 2 1+4jP, (A49)
By substituting the relation (A48) into above derivative, it can be shown that
1—(K-1)A ik =)
- A -\ T ot
_ !/ !
Pl (K =DA K —i 1) (A50)

= Papmy
> 0

where the last step is due to k' — i > j’. This result contradicts to the Kuhn-Tucker condition. This
demonstrates the only compound modes achieves the capacity.

Step (3) For a slope A in the range (52) and (53), the obtained optimal B from Step (1.1) can be
used to evaluate (38) and (39) directly. Thus, (54) and (55) are resulted, respegtively.

Appendix A.5. Proof of Corollary 3
Consider four possible settings of UB and LB based on (52) and (53) as

Case1l: z(kl—l) <b(j-1), % <b(j), b(j) < z(kl_l)'
Case 2 : z(kl_ 7y 2 G-, 21 <b(j), b(j) <b(j-1),
Case 3 : 2(k1—1) <b(j—1), % > b(j), % < Z(kl_l)’
Case 45 3t 2 01— 1), 2 2 b)), o2 <b(—1),

where inequalities given by % are only valid for k < N. By evaluating the inequalities, the power
condition (57) is resulted. Since the LB and UB are derived from the Kuhn-Tucker conditions, the
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derived power condition is a sufficient and necessary condition. This result directly gives that using
compound mode (', k') with j/ > jand k' < k is not a capacity solution.

Appendix A.6. Proof of Lemma 2
By following the method in [20], we define f(x) = x — In(x + 1) and prove

flx)+{/2f(x) —x >0 (A51)

for x > 0. Once this is done, one can take the procedure applied in ([20], Thm. 1) and the lower
bound (61) follows.
Now, we start converting (A51) to an equivalent problem. First, by substituting f(x) in (A51), we

need to prove
{/2x —2In(1+x) > In(1 +x). (A52)

By denoting t := x + 1 with t > 1 and considering x3 and x3 are monotonically increasing in x for
x > 0, showing (A52) is equivalent to show

2t —2—1Int — (Int)® > 0. (A53)
letv(t) := 2t —2 —Int — (Int)3, we can focus on showing
o' (t) =2 -2t —3t7 1 (Int)2 >0, (A54)
since v(1) = 0. Considering t > 1, we finally convert proving (A51) to demonstrating
P(t) ;= to'(t) =2t =2 —3(Int)> > 0. (A55)
To do so, we take the first derivative of (t) and set it to zero to have
3Int =t (A56)

By solving (A56), we can evaluate the local maxima and/or local minima of ¢(¢). It can be seen that
(A56) has only two real roots for t > 1, which are

1 1
t = —3W0(—§) and t, = —3W,1(—§), (A57)
where W () is the principle branch of the Lambert W function defined over [—e~!,c0). Based on the
property of the Lambert W function, 1 < t; < t,. Therefore, since 1(1) = 0, we can have two scenarios
as

e  Scenario 1: if y(t1) > 0, we must have ¢(tp) < ¥(t1), i.e., t1 gives a local maxima and ¢, gives a
minima;

e  Scenario 2: if (t1) < 0, we must have ¢(t) > ¢(t1), i.e.,, t; gives a global minima and ¢, gives a
maxima.

Hence, if we can prove that ¢(t;) > 0 and ¢(tz) > 0, both, we can conclude (A55) and thus (A51). We
show this in what follows.

By setting t* = t1 or tp, (*) can be expressed as
()

bby =247 —2— o (A58)

p(t") = p(t)
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If Y (+*) > 0, it is equivalent to have (#*)? — 6t* + 6 < 0, which results in the range of
3—V3< <343 (A59)

must be satisfied. For t,, by applying the bounds given in ([20], Thm. 1) which is —1 — v2x —x <
W_1(—e *"1) < —1 — /2x — 3x, it is easily obtained that 4.53 < t, < 4.62, which is in the range
(A59). So, ¥(t2) > 0 follows. For t1, we apply an upper bound on Wy(-) given in ([24], Thm. 2.3),
which is x+y
<In(——— A
Wo(x) < In(3=.0) (A60)

for x > —e~!and y > e~!. By taking y = 0.5, t; can be bounded as t; > 1.8. By also considering
t; < tp, t; must in the range (A59) as well, which completes showing ¢ (t1) > 0.

Numerical evaluation of the bound (61) verifies the proof as illustrated in Figure A3, where the
bound in [20] is plotted as a reference as well.

Lambert W_, (-e¥"y

New lower bound

—©— Lower bound in [20]

Figure A3. The bounds on the Lambert function W_1 (—e~(¥+1)),
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