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Abstract— In large scale multiple-input multiple-output (MIMO),
high spectral and energy efficiencies comes at the expense of a high
computational complexity baseband processing. Many contributions
have been proposed to reduce such complexity using matrix inversion
approximation techniques for instance. On the other hand, to reduce
the constraint on the interconnects’ bandwidth, fewer decentralized
processing techniques have emerged. Here, we propose a
computationally efficient technique based on embedding one single
Gauss-Seidel iteration within every ADMM based detection iteration.
The simulations are performed using an LTE-like TDD-OFDM frame
structure and waveform, under perfect and non-perfect channel state
information (CSI). Early results reveal that the proposed ADMM-GS
algorithm can outperform the centralised GS based technique
processing in a high SNR region and high load regime. In addition
ADMM-GS’ performance exhibits relatively less sensitivity to channel
estimation error; a characteristic inherited from the centralised GS
technique.

Index Terms—Large scale multiple-input multiple-output
(MIMO), zero forcing (ZF) detection, Maximum ratio
combining (MRC), receiver combining, Gauss Seidel (GS),
alternating direction method of multipliers (ADMM).

I. INTRODUCTION

It has been recognized that large-scale MIMO (also referred to
as massive MIMO) constitutes one of the main disruptive
technology directions for 5G [1][2]. Massive MIMO is a form
of multiuser MIMO where the number of serving antennas at
the base transceiver station (BS) is much larger than the number
of user terminals (UTs) served within each radio resource
element. Because of its advantages in terms of very high
spectral efficiency (sum rates), increased reliability, and power
efficiency, massive MIMO has been the subject of a large
amount of research activities [3]. Given the large number of
antennas, reliance on time division duplex TDD channel
reciprocity is essential [2]. Basically, massive MIMO systems
exploit this reciprocity to estimate the channel responses on the
uplink [4] and then use the acquired channel state information
(CSI) for both uplink receive combining/detection and
downlink transmit precoding/beamforming of the users’
payload. Under favorable channel conditions and/or as the
number of antennas increases, the UTs’ channels are mutually
orthogonal which makes linear processing based on maximum
ratio combining (MRC), zero forcing (ZF) detection or

! Scaling up optimized QR decomposition implementation to massive
MIMO is quite expensive in terms of hardware [15- section 5.2].
However, it has been argued in [15] that under favorable channel

minimum mean squared error (MMSE) detection, a suitable and
optimal choice [5].

To reduce the implementation complexity of ZF and MMSE
techniques, matrix inversion approximations such as
polynomial expansion (PE) were proposed [6]. It has been
applied to precoding in [6] and [7] under the form of a truncated
polynomial expansion (TPE) and Neumann series expansion
(NSE) respectively. Recently, a technique based on Gauss
Seidel (GS) was shown to outperform NSE due to its fast
convergence at considerably lower computational complexity
[8]. However, this comes at the expense of higher latency and
lower throughput [9]. To counter the load increase effect, GS
can still afford using more iterations while maintaining lower
computational complexity, albeit at the expense of reduced
throughput [9]. It has therefore been argued to resort to exact
matrix inversion [10]. Herein, direct matrix inversion based on
Cholesky decomposition is considered as a reference from the
performance stand point'.

Nevertheless, all these centralized processing techniques still
impose stringent constraints on the interconnects’ bandwidth
between the radio heads and the central processing unit. They
also do suffer from increasing latency as the number of antennas
is increased which affects scalability to a larger system.
Distributed, or decentralised, Massive MIMO processing has
been introduced to overcome such limitations. The authors in
[11] have proposed an ADMM based processing where a BS is
divided into a cluster of small independent groups of radio
heads with fewer antenna each. By exploiting the ADMM
framework [12], a novel decentralized processing is suggested.
However, the algorithm exhibits higher computational
complexity compared to a decentralized conjugate gradient
(CG) method [12]. Other techniques do also rely on the iterative
exchange of consensus information which limits the achievable
rate due to the inherently higher latency [13]. This is the case in
the distributed processing across the antennas for coordinated
multipoint (CoMP) and cloud access radio networks (C-RANs)
[14] [16]. To mitigate such latency, the approach in [13] is to
avoid sharing the consensus information among the clusters by
proposing a decentralized feedforward architecture. Our
approach is still based on ADMM framework [12] but focuses
on reducing the computational complexity by introducing one

conditions the Gram matrix become diagonally dominant which can
be exploited to ease the implementation of the QR decomposition
method.
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single GS iteration per ADMM outer steps. As such our

contributions are:

1. We propose a computationally efficient ADMM-GS based
decentralized algorithm wherein one GS- based detection
iteration is embedded as part of the ADMM-based detection
steps. As such, one would expect reduced computational
complexity and lower latency as GS requires fewer iteration
to converge.

2. Discuss the effect of channel estimation errors as the
decentralized processing relies on dividing the large number
of antennas into a cluster wherein each group has fewer
number of antenna elements. One would therefore, question
if such approach would be sensitive to channel estimation
errors now that the effect of large-scale have been reduced.

The paper is organized as follows: Section II presents the uplink
signal model and the ZF detection technique. Section I1I details
the proposed distributed detection. Using an LTE-like TDD-
OFDM waveform/frame structure early performance results are
discussed in section IV. Finally, the conclusions are drawn and
some future research directions are outlined in section V.

II. SIGNAL MODEL AND ZF LINEAR DETECTION TECHNIQUES

We consider an uplink transmission where K single antenna
UTs are communicating with a BS equipped with M antennas
(whereM > K) in TDD duplex mode using OFDM
modulation scheme. For the sake of simplicity, we consider a
base band equivalent channel and expressions per subcarrier
where the subcarrier index is suppressed. The data signal of the
k™ UT is denoted by s, € C and is normalized to unit power. The

vector h, € C" represents the corresponding channel which

is modeled, for simulation purposes, as a flat Rayleigh fading
channel vector whose entries are assumed to be independent
and identically distributed (i.i.d) with zero mean and unit
variance. We model the received signal at the BS as

y=Hs+n (D)

where ye C*™', H=[h, h, h, | is the channel matrix

and s=[s, s, - s,] . neC" represents the additive

receiver noise vector whose entries have a zero mean and a
variance equal to o .

The  ZF
W=(H"H) H" =[w,

signal y to estimate the UTs’ transmitted signal s as

detection technique applies

vy W, ]€CY™ on the received

. -1 -1
$=Wy=(H"H) H"y=(H"H) yyuc=AuYue @)
where Y, =V, = H”y 2 Notice that the maximum ratio

combining (MRC) technique considers A . = (HH H)_1 =1.

2 Subscripts MRC (maximum ratio combining) and MF (matched
filter) are interchangeably used through this paper.

A. Extension to regularized ZF and MMSE

The problem formulation can be extended to consider a
regularized ZF (RZF) and MMSE detection which calls for
performing the following inversion

-1
A rzr s :(HHH+§I) (3)
where & is a regularization parameter in RZF or equated to 0~

for MMSE. The parameter, &, provides a balance between

suppressing inter-cell interference when set to a lower value and
maximizing the channel gain at each UT when set to a higher
value. It therefore depends on SNRs, system dimensions and
channel uncertainties. In regard to equation (3) we propose to
re-arrange it as

H

Ip— U;J { JEI} ) =(r"A)" 4)

g H
where H:l: \/E } Notice that equation (4) suggests that
|

applying ZF using H is equivalent to RZF or MMSE where the
computational complexity increases very slightly as
multiplications by zeros can be skipped.

B. Low complexity implementation techniques

There have been many contributions that addressed low
complexity implementation techniques for uplink massive
MIMO detection techniques involving explicit and non-explicit
matrix inversion techniques. Namely, Neumann series
expansion (NSE) [7], Gauss Seidel (GS) [9] and recursive Gram
matrix inversion update (RGMIU) [4] are among the well
documented techniques. Among all these techniques, GS stood
out as the one with the lowest computational burden. However,
two issues are worth noting; first, the processing shall be
centralized which entails putting stringent requirements on the
interconnects’ bandwidth between the radio heads and the
central processing unit. Second, even if a given detection
method exhibits a lower computational complexity (usually
measured in terms of the number of operations-
multiplications/additions), it turns out that the data flow and the
algorithm regularities dictate the overall latency in completing
the required processing. One major part of the latency pertains
to the calculation of the Gram matrix. An efficient FPGA based
implementation suggests the use of a systolic array wherein the
latency is linear in the number of antennas M. One would
therefore expect that an efficient decentralized processing is
devised to alleviate these burdens, i.e. relax the requirements on
the interconnects’ bandwidth and also reduce latency through
concurrent parallel processing.

III. DECENTRALIZED PROCESSING

The detection problem can be reformulated as a distributed
processing based on ADMM optimization framework [12]. The
ADMM framework has been adopted in [11] and has shown to



exhibit higher complexity compared to conjugate gradient (CG)
based method. In this section we propose an efficient distributed
processing based on embedding one single computationally
efficient GS iteration within the ADMM iterative steps.
Towards that end, we suggest to partition the received signal
into groups of C clusters. Instead of processing M received
signals at a time, one would consider C groups with M/C
received signals each. Therefore, the received signal per cluster
¢ can be written as

y.=Hs+n, c=1...,C 5

where y, e CY', H,=[h_, h_, h,, |e C"'“ and

T M/Cxl
sg] . neC

receiver noise vector.

s=[s, s, represents the additive

The ADMM framework [12] introduces one auxiliary variable
r, =sper cluster and solves the following optimization

problem (with f (s) being a regularization function [12])

N :
S=arg m1n(f(5)+ ZZC:J j (6)
c=1....,C

SE(CKVI
The solution to the consensus problem (6) is carried out using
the following iterative steps over /=1,...,L, by introducing

yC - HCrC

such thatr, —s =0,

one Lagrangian multiplier A, € C*' per cluster c:

Step 1: Processing at every cluster:

r*) = arg min 1 ? +£
. 2 2

CKXI

yc - Hcrc

st — (rc + xf.” )”2 j 7
Step 2: Processing at the central processing unit:
s =arg rg}lin(f(s) +%Z; s—(rc(,l”) +l£l)) 2) 8)
Step 3: Langragi(;n multiplier update at every cluster:
W =20 4o (r —) )

The penalty parameter [ is a positive real valued number set to

control the convergence behavior while & =1 to guarantee the
convergence. The convergence of the ADMM is beyond the
scope of this paper but we refer the reader to [12] for a detailed

discussion. For the sake of simplicity we assume that K < % s

i.e. the number of antennas per cluster is higher than the number
of served users.

It can be shown that step 1 resumes to solving the following
system of linear equation

(HIH, +pL e =1y +A(s" 1) (10)
Since H”H, + Sl is Hermitian positive definite, it can be
decomposed as H”H_+ 1, =D, +L_+L" whereD_, L,
and L are the diagonal, lower triangular and upper triangular

parts [9]. The local estimate of the auxiliary variable can be
iteratively computed as

r(1+1,i) _ (D( + L(. )71 (gL _ LIZI'}HLFI) ), i= 19- ) '9iMAX (1 1)

¢

Note that equation (11) introduces iterative steps over
i=1,...i,,, within the ADMM outer steps (over /=1,..,L)

where g, =Hy_ + ﬂ(s(” +2 ) .

However, we propose to run one single iteration of (11) at every
I+1,i-1)

ADMM pass by substituting the local auxiliary variable rc(

by the consensus variable s") to get
i =(D,+L,) " (B, +(B1, -L")s" + A1) (12)

c

It shall be noted that the inverse of D, +L_is not explicitly

performed as the matrix is a lower triangular matrix which can
be solved within K steps. Therefore, the overall computational

complexity is on the order of O(K 2) per ADMM pass.

With ZF based detection step 2 reduces to
+ 1 +
s =Ez;(r§’ V) (13)

which is a consensus average of the sum of the auxiliary
variables and the Lagrangian multipliers that are updated in the
third step.

The proposed computationally efficient algorithm, in table 1,
can be viewed as an ADMM based decentralized method [11]
with an embedded single pass GS step. If the penalty parameter

S =0and the Lagrangian multipliers )»(CI) =0 on every ADMM
step, the algorithm boils down to a distributed GS technique

where a consensus average s") is broadcasted to every cluster.
The proposed distributed GS technique is performed using the
steps below

Step 1: Processing at every cluster:

f = (D, +L,)" (Hy, -LIs") (14)
Step 2: Processing at the central processing unit:
+ 1 ' +
s =EZ§:11‘C(I ! (15)

To kick off the algorithm these initialization settings are

performed: r'’ =D'y*" A" =0 and 5" = %z; r") where

v =Hly,.

Note that the algorithm does not require a prior matrix inversion
which renders it suitable for low channel coherence time. The
most time consuming operation, in the event that new channel
estimates are available, is computing the Gram matrix H”H,
per cluster. Compared to the centralized processing, this
represents a substantial reduction of the latency by a factor of
C. All steps in Table 1 are performed in parallel in every cluster
but step 3.4 which is performed at the central processing unit,
which in turn will broadcast the consensus estimate back to
every cluster.

IV. PERFORMANCE ANALYSIS

A. TDD-OFDM modulation scheme and frame structure

A LTE like 10 msec TDD-OFDM frame structure is used [4].
The frame structure is divided into 10 sub-frames. Sub-frame 0



TABLE 1. ALGORITHM FOR DISTRIBUTED ADMM-GS BASED DETECTION
1 Input: y, H for c=1...,C, fand &
2 Preprocessing per cluster:
2-IMatched filtering: vy =H"y,
2.2pecomposition: H'H, + A1, =D, +L_+L"
3 ADMM-GS iterations:

_ 1
Initialization: rﬁl) = Dclyiw, k(cl) =0 and s" =Ez; rc(l)

3.1for [=2,...,L do
3.2 rc(l) :(Dc +L, )—1 (YiWF +(ﬂ11< _LH)S(I—l) +ﬂ7“(cl_1))
33 p0 =0 L30Y
3.4 1
0 _ ¢ p0
§ _Ezczlbf
3.5 50 Zy0m +a(r(1) _s(l))

3.6end for
4 Output: §=s

(L)

is reserved for downlink control and synchronization while each
subsequent sub-frame consists of two time slots. The first time
slot is dedicated to uplink (UL) pilot and data transmissions
whereas the second time slot is used for downlink (DL) pilot
and data transmissions. The UL-DL and DL-UL switching
interval is 75 (£ sec. As such, it is apparent that the waveform is

suitable for channel coherence time higher than 1 msec. The
TDD-OFDM waveform parameters are outlined in Table 2.

TABLE 2. TDD-OFDM WAVEFORM PARAMETERS

Parameter Value

Sampling rate f, 30.72MHz

FFT/IFFT size N, 2048 bins

Occupied and useful bins 1200 bins

Subcarrier spacing £, 15 kHz

OFDM symbol CP 1/16 of OFDM symbol
Total OFDM symbol duration 70.833 sec
(including CP)

UL-DL and DL-UL switching guard 75.00 usec

B. Simulation results

This subsection discusses the simulation results of the proposed
technique wherein the centralized ZF (with direct matrix
inversion) and GS based detection techniques are used as
reference methods. Figure 1 depicts the post detection average
RMS error vector magnitude (EVM) versus the number of users
at 8dB and 10dB SNR. The number of iterations is shown
within the parenthesis in the figure’s legend. The centralised GS
and the proposed distributed ADMM-GS are implemented with
three and five iterations respectively. The choice of these
settings are made to roughly balance the overall latency. The

3 Based on 1200 subcarrier per OFDM symbol, 5 OFDM data symbols
reserved for UL data within 1msec sub-frame duration. The number
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Figure 1. Average RMS EVM (%) versus the number of users at
8 dB and 12 dB SNR.

total number of antennas is set to 128 elements while the
number of clusters is fixed to 4 so that every cluster has 32
antennas. A detailed analysis on the performance and
complexity trade-offs as a function of the number of iteration
and cluster partitioning shall be performed in a separate future
contribution.

The simulation results show that, at high SNR and interference
dominant regime, the proposed ADMM-GS outperforms the
GS techniques. This is mainly due the fact that GS requires
more extra iterations at the expense of higher latency. However,
this trend is not maintained at lower SNR where the ADMM-
GS performance can be improved by fine turning the penalty
parameter. At high SNR (12dB), the proposed ADMM-GS can
support up to 25 UTs with 256QAM modulation per subcarrier
compared to only 20 UTs using centralized GS. This translate
to a per subcarrier sum rate of 200 bit/s/Subcarrier and 160
bit/s/Subcarrier respectively. Therefore a maximum UL
throughput of 1.2Gbit/s is expected, using ADMM-GS based
distributed processing.

C. Sensitivity to channel estimation error

It has been argued that the channel estimation error effect tend
to vanish as the number of antennas gets higher. One would
therefore question if such benefit is lost with the distributed
processing since the BS is divided into clusters with fewer
antennas. Tables 3 and 4 below show the relative performance
loss at different channel estimation error levels. The number of
users is set to 16 and SNR=12dB. The channel estimation errors
are modeled as in [17] wherein the magnitude and phase errors

. . . . . )

are white Gaussian noise with zero mean and variances of o
2 - .

and o, in dBs and degrees, respectively.

The authors in [17] have shown that ZF is very sensitive to
channel estimation errors compared to the maximum radio
combining. Our results reveal an interesting findings on the
effect of such errors on the performance of the low complexity

shall be scaled with 9/10 to account for the overhead of using sub-
frame O for dedicated downlink synchronization and control.



TABLE 3. PERFORMANCE LOSS IN % DUE TO AMPLITUDE MISMATCH O'j

0,dB | 7ZF | ADMM-GS(5) | GS(3)
1 9.77 8.48 5.65
3 23.21 20.46 13.69
5 52.24 46.49 32.02
TABLE 4. PERFORMANCE LOSS IN % DUE TO AMPLITUDE MISMATCH O';
0, deg. | zr | ADMM-GS(5) | GS@3)
1 10.02 8.63 5.78
2 20.59 17.86 12.05
3 36.43 31.82 21.80
5 78.11 69.07 48.95

approximation methods where the centralized GS is relatively
more robust to such errors. The proposed ADMM-GS sits in
between. We attribute this to two facts; (i) the ADMM-GS
inherits the robustness of GS to channel estimation errors,
however, (ii) it loses the benefits introduced by the ‘large scale’
as the BS is divided into clusters of smaller antenna sizes.
Nevertheless, an in-depth analysis is required to investigate the
effect of channel estimation errors (as well as hardware
impairments) on distributed large scale MIMO detection. Due
to limited space, this is left for future work as well.

V. CONCLUSION

Being a disruptive 5G technology, large scale MIMO has shown
to provide substantial improvement in spectral and energy
efficiencies at a cost of implementing computationally
prohibitive algorithms. Even the centralized low complexity
linear detection methods put a lot of stress on the interconnects’
bandwidth to/from the central processing unit. This issue
prevents system’s scalability to encompass hundreds or
thousands of antenna elements. Decentralized processing has
recently been proposed to address these bottlenecks by
partitioning the large base station antenna array into clusters,
wherein each group comprises of small number of independent
radio chains. Adopting similar architecture, we have proposed
an efficient ADMM-GS algorithm which is based on
embedding one single GS iteration within the outer ADMM
iterations. Doing so, the overall processing exhibits lower
computational complexity without an explicit matrix inversion
(even during the initialization phase) per cluster. Being a
distributed processing and inheriting the fast convergence
characteristics of the GS, ADMM-GS is expected (in-depth
analysis is required in future works) to improve the processing
latency. Only preliminary results have been publish in this
paper. Future contributions includes a detailed analysis on the
performance and complexity trade-offs, as a function of the
number of iteration and cluster partitioning parameters, shall be
performed. An in-depth analysis is required to investigate the
effect of channel estimation errors (as well as hardware
impairments) on distributed large scale MIMO detection.
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