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ABSTRACT
MIMO Radio-over-Copper (MIMO-RoC) is a transport system for
indoor coverage that leverages the pre-existing building’s copper
cabling infrastructure. In MIMO-RoC, the overall channel from
the Base Band Units (BBU) to the end-user is the cascade of a
MIMO-radio over a MIMO-cable channel and the analog fronthaul
together with a wireless channel enables the transport to the mo-
bile users. The entire system poses two main challenges: i) design
low-complexity and flexible allocation strategies between wired and
wireless resources; ii) design interference cancellation techniques
tailored to the mutually coupled wired-wireless interference. While
the former has been extensively investigated, the optimal design of
precoding algorithms for the MIMO-RoC downlink is still an open
issue and is covered here. In particular, in this paper, the Linear Suc-
cessive Allocation (LISA) algorithm has been revised and adapted to
the MIMO amplify-and-forward (AF) structure of MIMO-RoC. Nu-
merical results validate the proposed method considering a realistic
radio environment with 100m copper cable remotization.

Index Terms— MIMO, Radio Over Copper, C-RAN, LISA,
Zero-forcing precoding

1. INTRODUCTION

With the next generation (5G and beyond) wireless communication
systems, new physical layer technologies are required to guarantee
high-rate/low-latency connectivity to all the interconnected smart
devices [1]. Centralized Radio Access Network (C-RAN) archi-
tecture enables the deployment of a massive number of antennas
which is an effective solution for both providing high data rate and
coping with the high mobile traffic demand [2]. The Remote An-
tenna Units (RAU) are separated from the BBU that are possibly
aggregated to form a BBU pool for centralized processing [3]. In
contrast to a digital fronthaul (FH) architecture, in analog FH, the
RAUs relay intermediate frequency signals to/from BBUs avoiding
any bandwidth expansion due to digitalization or latency, and en-
abling a more accurate bit/carrier-frequency synchronization. In this
scenario, MIMO Radio-over-Copper (MIMO-RoC) represents, an
alternative/complementary solution for the last 100–200 m fronthaul
(FH) links between multiple RAU and BBU.

The reuse of copper lines for the deployment of femtocells based
on amplify-and-forward devices has been proposed in [4]. In [5], a
system with remote radio heads (RRH) and shared baseband pro-
cessors has been presented as solution to achieve full coordination
between the small cells and the macro layer, eliminating the main
drawback of femtocells. Following on this progress, [6] and [7] ex-
plore the case when the radio systems are deployed in coexistence
with DSL.

Furthermore, the effectiveness of MIMO-RoC based on LAN
cables has been recently proved for both target wireless bandwidth
[8] and deployment costs, as each RAU is remotely powered over
the same copper cables [9]. However, cables are affected by Inser-
tion Loss (IL) and Far-End-Cross talk (FEXT) that should be prop-
erly handled to avoid cable induced degradation, especially at the
highest cable frequencies [8], [10]. The issue of crosstalk mitigation
in RoC-based systems is covered in [11] and [12] for an LTE-over-
Copper architecture. However, the analysis here is limited to low
cable frequency, for which IL and FEXT are mild. In contrast, in the
considered MIMO-RoC architecture, the cable frequency is pushed
up to hundreds of MHz, thus requiring advanced interference cancel-
lation techniques. In particular, the solution to this problem requires
i) a fair allocation between wireless and wired resources in order
to make FEXT and IL effects negligible for the wireless links, and
ii) efficient algorithms for the precoder design in order to optimize
some performance metrics for the wireless link, i.e., the sum rate of
the system or the minimum user rate. While for i) exist some relevant
results referred to as Space-Frequency to Space-Frequency (SF2SF)
multiplexing for MIMO RoC [13], [14], [15], the latter problem ii) is
still open and it is the topic of this paper. In particular, focus here is
to design the optimal precoder for the MIMO-RoC downlink, con-
straining the power jointly for cable and wireless links. In detail:
per-line constraints at the cable input and per-antenna constraints at
RAU output. Double constraints are fulfilled by adapting the Lin-
ear Successive Allocation (LISA) algorithm [16] as computationally
simple solution in total-power constrained problems. Moreover, we
will show that LISA has a performance similar to that of the optimal
zero-forcing based on generalized inverses [17]. After context pre-
sentation and model definition, Sect. 3 adapts the LISA problem at
hand. More specifically, LISA is adapted for the MIMO-RoC sys-
tem in order to find the optimal precoder at the BBU, by assuming
the amplification at the RAU to be known. Then, we also optimize
the amplifier at the RAU and integrate its optimization together with
the proposed LISA. We highlight here, that due to the specificity of
the system we consider in this work, the RAU has to be modeled as
diagonal matrix and not as a full matrix. This makes the amplify-
and-forward (AF) optimization different from the ones explored in
previous works ([18], [19], [20], [21], [22], [23], [24]). Finally, nu-
merical results validate the presented algorithms.
In this work we assume full CSI knowledge at the receiver, as pre-
coding techniques under imperfect CSI are beyond the scope of the
paper.
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Fig. 1. MIMO-RoC Scenario.

2. SYSTEM MODEL

We consider a C-RAN architecture based on the RoC model operated
in the downlink. The signals are transmitted from the BBU to the N
RAU overN cables represented byHc ∈ CN×N . The RAU amplify
and forward (AF) and use their N antennas to transmit the signals
to the K users (see Fig. 1). The RAU work autonomous leading to
the diagonal gain matrix F ∈ RN×N . With the transmitted signal
xc ∈ CN , the signal received by NMS antennas at user k reads as

yk =HH
k F (Hcxc + nc) + nk ∈ CNMS

whereHk ∈ CN×NMS is the wireless channel from the RAU to user
k, nc ∼ NC(0, σ

2
c I) and nk ∼ NC(0, I) denote the noise of the

cable channel and the wireless channel of user k, respectively.
In the following, we assume that only d ≤ min(N,KNMS) data

symbols are allocated. Therefore, xc = Pt with the data vector
t = [t1, . . . , td]

T ∼ NC(0, I) and the precoder P = [p1, ...,pd] ∈
CN×d. Additionally, the columns of P are computed successively.
Let π(i) be the map from the step index i to the corresponding user.
Hence, the output of Hπ(i) is equalized by gi ∈ CNMS (see Fig. 2;
unknown variables optimized here are highlighted in gray).

BBU

RAU

Fig. 2. MIMO-RoC System Model.

3. LISA ALGORITHM FOR MIMO-ROC

In step i, after i−1 symbols have been allocated, the Linear Succes-
sive Allocation (LISA) algorithm selects the user with the highest
SNR and finds the precoder and equalizer pair pi and gi jointly.
LISA is a zero-forcing scheme suppressing all interference. There-
fore, the i-th estimate can be written as

t̂i = g
H
i H

H
π(i)FHcpiti + g

H
i nπ(i) + g

H
i H

H
π(i)Fnc.

Assuming pi and the index π(i) are given, the SNR (and also rate)
maximizing equalizer is the matched filter

gHi = pH
i H

H
c FHπ(i)

(
I + σ2

cH
H
π(i)F

2Hπ(i)

)−1

. (1)

With above equalizer gi depending on the precoder pi, the resulting
SNR is given by

ζi(pi, π(i)) = p
H
i H

H
c FHπ(i)C

−1
N,iH

H
π(i)FHcpi.

with the noise covariance matrixCN,i = I+ σ2
cH

H
π(i)F

2Hπ(i). In
step i, LISA solves the following optimization problem, i.e., LISA
selects the channel with most advantageous SNR,

{qi, π(i)} = argmax
{q,k}

ζi(q, k)

s.t. q ∈ null{gHj H
H
π(j)FHc}i−1

j=1, ‖q‖2 = 1
(2)

where qi is an auxiliary precoding vector that performs par-
tial zero-forcing due to the nullspace constraint. With this con-
straint, only the interference to already allocated symbols is sup-
pressed. The remaining interference must be suppressed in a
second step. Differently from [16], let Q⊥i ∈ CN×(N−i+1) be
the basis for null{gHj HH

π(j)FHc}i−1
j=1 and qi = Q⊥i zi with

zi ∈ C(N−i+1). Because of this parametrization, the nullspace
constraint can be dropped and the solution zi is the principal eigen-
vector of Q⊥,Hi HH

c FHπ(i)C
−1
N,iH

H
π(i)FHcQ

⊥
i . Note that the

parametrization with Q⊥i reduces computational complexity con-
siderably since zi ∈ CN−i+1 instead of qi ∈ CN . Moreover,
note that Q⊥i can be efficiently found knowing the householder
QR-decomposition of [HH

c FHπ(1)g1, . . . ,H
H
c FHπ(i−1)gi−1].

3.1. LISA Interference cancellation

Performing (2) successively starting from i = 1 and Q⊥1 = I,
the auxiliary precoders q1, . . . , qi and the corresponding equalizers
g1, . . . , gi can be found.

Using a similar notation as in [16], we define Qi = [q1, ..., qi]
and Hcomp,i = [HH

c FHπ(1)g1, . . . ,H
H
c FHπ(i)gi]

H such that
Hcomp,iQi = Li where Li is a lower triangular matrix due to the
nullspace constraint of (2). Then, we cancel the remaining interfer-
ence by the application of the precoder

P eff,i = [p1, ...,pi] = QiL
−1
i ΛiΓ

1/2
i (3)

where Λi = diag(λ1, . . . , λi) = [diag(L–1,H
i L−1

i )]−1/2 is a nor-
malization of the columns of QiL

−1
i to norm one. The power allo-

cation is performed with Γi = diag(γ1, . . . , γi) where γi = ‖pi‖
2
2.

With all these assumptions, it is guaranteed that the product

Hcomp,iP eff,i = ΛiΓ
1/2
i (4)

is diagonal and all the interference is suppressed. However, the
power constraints at the cable and RAU are left to be fulfilled by
the determination of Γi (as discussed in the next section).

The resulting sum rate reads as [cf. (4)]

Rsum,i = log2 det(I + Λ2
iΓi). (5)

The successive algorithm is terminated if Rsum,i < Rsum,i−1 and the
number of symbols is d = i− 1.
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4. POWER ALLOCATION IN SINGLE-CARRIER
SCENARIO

In this section, both, the wired and the wireless link, are explored for
the single carrier setup.

4.1. Constraints Outline

At the i-th step of LISA, the signal that we transmit through the cable
is subject to both the per-line power constraints PPL at the cable input
and per-antenna power constraints PPA at the RAU output. These can
be reformulated as

∀l = 1, . . . , N :[
P eff,iP

H
eff,i

]
l,l
≤ PPL,

[
HcP eff,iP

H
eff,iH

H
c F

2
]
l,l
≤ PPA

(6)

Here, we assume to have a number of antennas which is equal to
the number of twisted pairs in the cable. Moreover, in this analysis,
we consider the noise σ2

c in the cable as negligible compared to the
interference.

4.2. Optimization Problem

Recalling the results obtained in Subsection 3.1, we can perform the
power allocation such that the diagonal matrix Γi is the one that
maximizes the sum-rate [see (5)]. Therefore, our optimization prob-
lem at the i-th step becomes

max
Γi�0

log2 det(I + Λ2
iΓi)

s.t.
[
P eff,iP

H
eff,i

]
l,l
≤ PPL[

FHcP eff,iP
H
eff,iH

H
c F
]
l,l
≤ PPA ∀l = 1, . . . , N.

(7)

4.3. Lagrangian Duality

Since problem (7) is convex, strong duality holds, and we dualize
the constraints as

min
µ≥0,ν≥0

max
Γi�0

log2 det(I + Λ2
iΓi)−

N∑
l=1

µl
[
P eff,iP

H
eff,i

]
l,l

−
N∑
l=1

νl
[
FHcP eff,iP

H
eff,iH

H
c F
]
l,l

+

N∑
l=1

(µlPPL + νlPPA) .

(8)
By setting diag(µ) = κ diag(µ′) = κM ′ and diag(ν) =
κ diag(ν′) = κN ′, where κ is a positive scalar constant, (8)
can be rewritten as

min
κ

min
µ′≥0,ν′≥0

max
Γi�0

log2 det(I + Λ2
iΓi) + κPκ

− κ
(
tr
(
M ′P eff,iP

H
eff,i

)
+ tr

(
N ′FHcP eff,iP

H
eff,iH

H
c F
))
(9)

where κPκ =
∑N
l=1 (µlPPL + νlPPA).

We defineB =HH
c FN

′FHc+M
′ andP eff,i = P norm,iΓ

1/2
i .

Therefore, (9) simplifies to

min
κ

min
µ′≥0,ν′≥0

max
Γi�0

log2 det(I + Λ2
iΓi) + κPκ

− κ
(
tr
(
PH

norm,iBP norm,iΓi
))

.
(10)

A further simplification is given by the fact that tr (CiΓi) =
tr
(
PH

norm,iBP norm,iΓi
)
, whereCi = diag(PH

norm,iBP norm,i).

4.4. Dual Problem Solution

By having a closer look at (10), we can observe that it is the dual
problem of

min
µ′≥0,ν′≥0

max
Γi�0

log2 det(I + Λ2
iΓi)

s.t. tr (CiΓi) ≤ Pκ.
(11)

By defining Ψi = CiΓi and Φi = C
−1
i Λ2

i , we rewrite (11) as

min
µ′≥0,ν′≥0

max
Ψi�0

log2 det(I + ΦiΨi)

s.t. tr (Ψi) ≤ Pκ.
(12)

From (12), it can be noticed that for fixed µ′ and ν′, and therefore
for fixed Ci, the solution to the inner optimization problem is given
by the waterfilling procedure. Hence, what has to be performed is
a minimization with respect to µ′ ≥ 0 and ν′ ≥ 0 of the waterfill-
ing solution which is a function of the parameters µ′ and ν′. The
Lagrangian multipliers µ′ and ν′ can be obtained with the help of a
subgradient iteration.

5. RAU OPTIMIZATION

In this section, we focus on the optimization of the diagonal matrix
F at the RAU. Let us assume that the LISA stops after having allo-
cated d data symbols (allocating d+1 data symbols would decrease
the throughput). Therefore, we obtain the optimal P eff,d, such that
Hcomp,dP eff,d = D, where D = ΛdΓ

1/2
d is diagonal. Since we

want to maximize the throughput, that depends on D, we find the
optimal F as

max
F ,ξ

ξ

s.t. <
{
tr
(
Heff,dF P̃ eff,d

)}
≥ ξ tr (D)[

F P̃ eff,dP̃
H
eff,dF

]
l,l
≤ PPA ∀l = 1, ...N (13)

where P̃ eff,d =HcP eff,d, andHeff,d =
[
Hπ(1)g1, . . . ,Hπ(d)gd

]H
and ξ is an auxiliary scalar. This is a convex optimization problem
and can be easily solved. Moreover, by solving the system of KKT
conditions it turns out that F has to be real as precisely assumed in
the previous sections. However, this new F , which is generally not
a scaled version of the F used for LISA, destroys the zero-forcing
performed before by LISA itself. Therefore, in order to achieve the
optimal we have to iterate among LISA and problem (13) until they
both converge to the same sum-rate value.

6. NUMERICAL RESULTS

We demonstrate our results using two numerical examples. In the
first example, we assume K = 4 users with NMS = 1 antenna
each, RAU with 4 antennas arranged as a Uniform Rectangular Ar-
ray (URA), a 100 m LAN cable CAT-6 with N = 4 lines. For the
wired channel, we exploit a bandwidth that has a carrier frequency
centered around 150 MHz (see [8] for IL and FEXT values, [25]
and [26] for cable model) and, for the wireless channel, we use the
model with a single dominant path affected by Rayleigh fading. We
highlight that in this first example, we consider F as a fixed scaled
identity matrix. Finally, we use the sum-rate as performance metric.
In Fig. 3, the SNR has been defined as SNR = PPL = PPA, and the
sum-rate has been averaged over 400 Monte Carlo simulations.
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For comparison, we estimate the average throughput of the LISA
algorithm described above (diamond markers) against two different
algorithms (square markers). First, the solid line represents the case
in which throughput has been computed following the zero-forcing
based on generalized inverses algorithm [17]. Second, the black
dashed line represents the same algorithm [17], but computed only
with respect to the users selected by LISA.

The performance of the second version of [17] is apparently bet-
ter than the first one. LISA chooses the users that are in the best
condition and can actually increase the throughput. Moreover, it has
been shown that with the same premises, therefore with the same
number of users, the performance of LISA, that basically computes
a computationally efficient pseudoinverse, are very close to the one
of the algorithm in [17]. LISA successively allocates finding local
optima, obviously, suboptimal. However, compared to LISA, the lat-
ter algorithm requires higher computational effort due to the solution
of a Second Order Cone Programming (SOCP) problem and has to
be solved with a MAXDET software i.e., [27].
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Fig. 3. Average sum rate vs SNR, NMS = 1, N = 4, K = 4.

In the second example (see Fig. 4), we want to show how the
optimization with respect to F improves the average throughput. In
this setting, we exploit a cable with 8 twisted pairs at a carrier fre-
quency centered around 50 MHz (see [28] for the interference val-
ues), 8 antennas RAU, and 8 users with 2 antennas each. Once again,
we use a Rayleigh model for the wireless channel, while the sum-
rate has been averaged over 300 Monte Carlo simulations. As in the
previous case, we choose a meaningful scaled identity F , for com-
paring our results. As a further analysis in Fig. 5, we compute the
user rate dispersion and the average rate per user, where the former
is the coloured area between the maximum and the minimum user
rate. In particular, we can see how by optimizing F , we increase
both the maximum and the average rate per user, while guaranteeing
the minimum. However, since we are optimizing the sum rate, with-
out taking into account any fairness criteria, we can see that the user
rate dispersion is pretty high as expected.

7. CONCLUSION

This paper proposes the optimal downlink precoder design for
the MIMO Radio-over-Copper architecture. In MIMO-RoC, the
BaseBand Unit (BBU) communicates with multiple users through a
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Fig. 5. User Rate Dispersion.

multiple-antenna Remote Antenna Unit (RAU) acting as an amplify-
and-forward (AF) relay node, and the fronthaul link between BBU
and RAU is made by mutually interfering copper-cables. The
MIMO-RoC precoder optimization problem is thus complicated by
the cascade of MIMO radio and MIMO cable channels, each of
which with different constraints to be fulfilled: per-line power con-
straints at the cable input plus per-antenna power constraints at the
RAU antennas. Both constraints are met here by adapting the Lin-
ear Successive Allocation (LISA) algorithm to the AF structure of
MIMO-RoC. In particular, we first design the optimal LISA-based
precoding algorithm to be performed at the BBU by fixing the am-
plify matrix at the RAU. Then, we also optimize RAU amplification,
and its optimization is integrated into the overall precoding design.
Numerical results for realistic radio environment and 100m cop-
per cable show that the proposed LISA algorithm for MIMO-RoC
attains the performance of optimal zero-forcing with generalized in-
verses, considered here as performance upper bound. Furthermore,
the low complexity of LISA makes the method suitable for real-time
implementations.
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