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Quasi-Orthogonal Combining for Reducing
RF Chains in Massive MIMO Systems
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Abstract—We address the issue of reducing the number
of radio frequency (RF) chains in large/massive multiple
input multiple output systems while retaining their detection
performance. For this, we use a hybrid combining approach and
formulate a signal to interference plus noise ratio (SINR) max-
imization problem. We argue that using an orthogonal basis of
the channel matrix to maximize the numerator of the SINR is
a worthwhile approach to pursue and use it to propose a quasi-
orthogonal combining scheme. Simulation results show that the
proposed scheme can provide a detection performance and sum
rate close to that of a system utilizing a dedicated RF chain for
each receive antenna with less number of RF chains and without
increasing the overall computational complexity.

Index Terms—Large MIMO, massive MIMO, hybrid combin-
ing, RF chains.

I. INTRODUCTION

ARGE/MASSIVE  multiple input multiple output

(MIMO) systems are considered to be a key technology
for future 5G wireless systems [1], [2]. Driven by the need for
higher data rates, the number of transmit/receive antennas in
future MIMO wireless systems may increase up to hundreds.
This will require a large number of radio frequency (RF)
chains, thereby leading to a higher implementation cost, more
power requirement, and lower energy efficiency.

In the literature, two different approaches exist for reduc-
ing the number of RF chains. One uses antenna selection [3]
and the other uses hybrid (analog and digital) combin-
ing/precoding [4]-[9]. Between these two approaches, hybrid
combining/precoding is a recent development and has been
shown to be a preferred choice due to its sum rate maximiza-
tion capability [9]. However, these works do not investigate the
effect of combining/precoding on the detection performance.

In this letter, we focus on determining the combining
required to reduce the number of RF chains without com-
promising the detection performance and sum rate. Thus, we
consider the most recent combining architecture available for
the uplink scenario [9], and formulate a signal to interference
plus noise ratio (SINR) maximization problem. The optimal
solution to this problem requires an exhaustive search which
increases exponentially with the number of receive antennas
and RF chains.
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To handle this maximization problem with reasonable com-
plexity, we argue that if an orthogonal basis is used for the
channel matrix, a maximization based only on the numera-
tor of the SINR will provide a good solution. The resulting
problem is similar to a lattice search [10], which can be
solved by a tree search algorithm in polynomial complex-
ity. However, the search differs from the conventional lattice
search in the sense that it searches for the farthest lattice
instead of the closest one. Combining the above ideas, we
propose a quasi-orthogonal combining (QOC) scheme and an
improved quasi-coherent (IQC) combining scheme. It may be
noted that IQC is a variant of the existing quasi-coherent (QC)
combining [9]. We show that even with very few RF chains
the detection performance and the sum rate of QOC are close
to that of a system using a dedicated RF chain for each
receive antenna, i.e., a system which does not need any com-
bining. This is achieved without any increase in the overall
computational complexity.

II. PROBLEM FORMULATION

A signal received at a MIMO receiver with N; receive
antennas can be expressed as

y = Hx + n, (1)

where y € CN*! is the received signal vector and x € CM*!
is the transmitted signal vector, where each element of X
is taken from a set of M complex symbols. The channel
matrix H € CVM with each coefficient #;; ~ CA(0, 1)
and n € CM*! represents an i.i.d. additive white Gaussian
noise (AWGN) vector with each n; ~ CA((0, o2). It may be
worthwhile to mention here that this model captures the uplink
scenario for both single-user large MIMO systems as well as
multi-user massive MIMO systems. The only difference is that
in the first case, the transmit vector X constitutes data of a sin-
gle user while in the second case, it constitutes data of multiple
users.

The combining architecture is shown in Fig. 1 [9], where the
signals received by the low noise amplifiers (LNA) are com-
bined using switches, adders and analog phase shifters (APS),
which are connected to N, (> N;) RF chains. Mathematically,
the receive vector after combining can be expressed as

r = Cy = CHx + C¥n, )

where C e (CM>Ne is a combining matrix and r €
CNex1 s the received vector which will be processed for
detection. The individual columns of the matrix C are
expressed as ¢ = SgpVk = 1,2,...,N.. Here p =
[1 exp(_/\,ﬁ) exp(#ﬁl’rl))f denotes an array of N,
phase shifters and Si’s are the N; x N, switching matrices.
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Fig. 1. Massive MIMO combining architecture for reducing RF chains [9].
These switching matrices contain the information about the
states of different switches, 1 represents an on state while 0
represents an off state and each switch can be connected to at
most one of the Ny APS. This means the elements of ¢ can
take only the phase values which are shown as elements of p.

Assuming that the number of RF chains is lesser than the
number of receive antennas, i.e., No < Ny, the goal is to find
the switch positions and the phase shifts, i.e., C such that the
SINR is maximized at the receiver, i.e.,

Ne Hh, |
c; hy
C:argmaxg |k 1’\7 Hp |2 ®
cewne (5 o2 llexll? + XN, |clihy]
i#k

where W = {exp(%(p“‘”) Vi=1,2,...,Np).

III. QUASI-ORTHOGONAL COMBINING

Finding the optimal solution of the problem in (3) requires
an exhaustive search over N]],V e possible solutions, which is
computationally prohibitive for large systems. The expression
in (3) involves a dot product of vector ¢; with hy in the
numerator and with the remaining columns of H in the sec-
ond term of the denominator. If we are able to choose ¢y
such that the dot product between ¢; and hy is high and at
the same time the dot product with the remaining columns of
H is low, it will simultaneously increase the numerator and
decrease the denominator, thereby helping the maximization
of (3). Since the magnitude of the dot product is maximum
for collinear vectors and minimum for orthogonal vectors, we
propose to use H - a matrix the columns of which constitute
an orthogonal basis of H, to seek the C which will maxi-
mize |ckHﬁk|Vk =1, 2, ..., N.. This is because this C will
also reduce the second term in the denominator. However, the
complexity of finding C using an exhaustive search is still of
the order of NI],V ". As an example, let us consider a receiver with
32 antennas, 8 RF chains, and 4 APS. For such a system, the
complexity of exhaustive search is reduced from 432x8 = 2512
to 432 = 20% possible solution vectors, which is still a very
high number. We address this issue next. _

Given the similarity of maximizing |c£1hk| Vk =
1, 2,..., N; to the lattice search problems [10], tree search
algorithms are natural candidates for consideration. Tree
search algorithms are categorized into depth first tree
search (DFTS) and breadth first tree search (BFTS) algorithms.

Algorithm 1: Quasi-Orthogonal Combining

Input : ﬁ, v
Output: C
for k < 1 to N, do
c1.k < select ¥ for which |4El,k — Zy| is minimum;
d= c’fykzl,k;
for i < 2 to N, do
for r < 1 to N, do
| dr=d+y) hig
end ~
XA <« the index r for which |d,| is maximum;
Cik < Yas
Replace d < dj;

end
end
return C

Here we will consider a BFTS approach due to its ability
to achieve a near optimal solution with low complexity.
Motivated by this, we first break the maximization of |cfhy|
into the following N; intermediate maximization problems and
solve them sequentially. The ith intermediate problem can be
expressed as
1
{Clks - sCiklClis -y Cic1 k) = argmax‘ Z Czk “hjk
cj k€Y =1

)

where ¢; ; and z]  are the jth element of ¢; and ﬁk respectively.
The algorithm begins with i = 1 by determining the value of ¥/
which is closest to Zhj ;. Next we obtain the product Yrh k
for this value of 1. Then we compute the products of A, ; with
all the N, possible values of ¥’s. Based on these products,
we compute the sum of products (i.e., the function in (4))
for all possible N, combinations and select the combination
which maximizes the sum. The procedure is repeated for i =
2 to N;. At thg end, i.e., for i = N;, the candidate which
maximizes |ckH hy| is declared as ¢;. The same procedure is
repeated for obtaining the other columns of C. The complete
algorithm is provided in Algorithm 1. It may be noted that
although C is obtained using an orthogonal basis, it need not
be orthogonal. Therefore, we refer to this proposal as a quasi-
orthogonal combining (QOC) scheme. _

Interestingly, the proposed approach, i.e., to use H instead
of H, can also be used to improve the performance of the
quasi-coherent (QC) scheme [9]. We refer to this variant of
QC as an improved QC (IQC) scheme.

IV. SIMULATION RESULTS

To investigate the potential utility of QOC and IQC, we con-
sider a 16-QAM system with 16 and 32 receive antennas for
N = Ny = Np = 8. We determine C using the proposed QOC
and IQC schemes, and compare their respective detection per-
formances with the QC scheme [9] in Fig. 2. Here, for the
purpose of obtaining the detection performance, we consider
the MMSE detector for all the three algorithms. We notice
that using only 8 RF chains, QOC with N, = 32 provides a
performance which is marginally inferior to the system with
32 dedicated RF chains, i.e., one RF chain for each receive
antenna. It can be seen that both QOC and IQC schemes per-
form better than QC combining. For e.g., for N; = 16 and a
bit error rate (BER) of 1073, QOC and IQC have a more than
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Fig. 2. Combining schemes for Ny = 16 and 32.
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Fig. 3. Combining schemes for N; =4 and 8.

3 dB and 2 dB gain over QC, respectively. Further, for the
same N; and BER, we notice that QOC with 8 RF chains is
inferior to the 16 dedicated RF chains system by only 0.7 dB.

As there is a marginal loss in the error performance of
QOC compared to a dedicated RF chains system, it would be
interesting to examine the performance of QOC with an
exhaustive search based combining. Since exhaustive search
is not possible on such large systems, we consider a relatively
smaller system, ie., No = Ny = N, = 4 and Ny = 8 for
4-QAM. The results have been shown in Fig. 3. From the
figure, we can observe that QOC overlaps with the exhaus-
tive search based combining. For the sake of completeness,
in Fig. 3 we have also compared QOC, IQC and QC, and
as expected QOC and IQC perform better than QC. We fur-
ther validate this for the same system with 4 receive antennas.
Thus, exhaustive search per se does not provide any gain in
performance compared to QOC. In any case, it is infeasible
for larger systems.

This will be further corroborated using a measure of orthog-
onality, defined by subtracting the orthogonal deficiency [11]
from unity, as follows

det(CHC)
[T leill?
Orth(C) is a positive number between 0 and 1, higher the value
of Orth(C) better is the orthogonality of C. We computed

Orth(C) = ®)
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Fig. 4. CCDF of Orth(C).
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Fig. 5. BER performance of the combining schemes using MMSE detection
with increasing number of receive antennas/APSs.

Orth(C) for several realizations of H and determined the
probability of Orth(C) being greater than a threshold y, i.e.,

F(y) = Prob(Orth(C) > y). (6)

We use this to plot the complementary cumulative distribution
function (CCDF) of Orth(C) for y = 0 to 1 in Fig. 4. From the
figure one can observe that even exhaustive search is unable
to achieve a value of unity for Orth(C). This is because only
finite number of phase shifts are available. This also explains
the reason for the earlier referred gap between the curves cor-
responding to the dedicated RF chains system and exhaustive
search based combining in Figs. 2 and 3. From the CCDF plot
we can observe that Orth(C) is maximum for QOC, minimum
for QC and IQC is in between. Interestingly, the CCDF plot
for QOC almost overlaps with exhaustive search. Both these
observations are in line with the simulation results reported
earlier in this section.

Further, in Fig. 5 we examine the performance of QOC
and IQC with increasing number of receive antennas (;) and
APSs (Np). From Fig. 5(a) one can observe that it is pos-
sible to attain the BER of a system utilizing dedicated RF
chains by a system using reduced number of RF chains by
slightly increasing the number of receive antennas. For e.g.,
performance of the system consisting of 12 dedicated RF
chains and 12 receive antennas is achieved by QOC using
only 4 RF chains and 14 receive antennas, by IOC using 4 RF
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detection for No = Ny =4, Np =4 and M = 4 at E},/Ng = 6 dB.

chains but 16 receive antennas, and by QC using 4 RF chains
but 20 receive antennas. From Fig. 5 (b) one can view that by
increasing N,, the gap between the dedicated RF chains system
and the reduced RF chains system can be brought down for
all the three schemes.

In Fig. 6 we compare the achievable sum rate [9] per trans-
mit antenna of QOC and IQC with QC. We consider N; = 32
and N; = 64 for N; = Ny = 8 and N, = 4. From the figure, it
can be observed that both QOC and IQC outperform QC. In
fact, for high E,/No, QOC is very close to the dedicated RF
chains systems. Sum rate for the dedicated RF chains systems
has been evaluated assuming conjugate beamforming as in [9],
i.e., by taking C = H in (2).

Lastly, we investigate the complexity of QOC and
IQC based detection. These schemes have three steps:
i) Computation of H, ii) Computation of C and iii) Detection.
The first step can be obtained in O(Ner) computations using
a QR decomposition while the second step can be obtained in
O(N;NpN.) computations for both QOC and IQC. Considering
the scenario used for simulations, i.e., Ny < N, No = N, and a
low complexity detector like MMSE, the complexity is of the
order of O(NrNtz), which is same as the complexity of MMSE
based detection in a dedicated RF chains system.

It is worthwhile to mention here that QR decompo-
sition is required in many detection algorithms such as
sphere decoder (SD) [12] and K-best [13]. Even for an

MMSE detector, QR decomposition is helpful in reducing
the complexity. Thus, step (i) is common to QC, IQC and
QOC. Therefore, we compare the algorithms only on the basis
of steps (ii) and (iii). The number of arithmetic operations per
bit is shown in Fig. 7 as a function of N; for the same sim-
ulation parameters as used in Fig. 5(a). It may be noted that
the complexity of IQC is same as that of QC. From the figure
it can be observed that the complexities of QC/IQC and QOC
are lower than the dedicated RF chains system after 8 and 12
receive antennas, respectively. This is because a reduction in
the number of RF chains is accompanied by savings in detec-
tion complexity. It may be noted that the complexity gains in
large/massive MIMO systems will actually be higher because
they are likely to use detectors with complexities higher than
that of MMSE.

V. CONCLUSION

We consider a combining architecture for an uplink mas-
sive MIMO scenario and formulate an SINR maximization
problem. We propose two combining schemes to solve this
problem, namely QOC and IQC. Using simulations, we show
that with less number of RF chains and without increasing the
overall complexity, the proposed schemes can provide a detec-
tion performance close to that of a system utilizing a dedicated
RF chain for each receive antenna. Further, we show that the
schemes are also able to achieve a higher sum rate.
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