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Dear editor,
In millimeter wave (mmWave) systems, traditional multiple input multiple output (MIMO) may become line-of-sight
(LOS) MIMO [1], and the rank of the channel matrix using
the traditional antenna structure becomes very small [2]. A
lower rank implies a low channel capacity [3]. The channel capacity of an LOS MIMO system can be enhanced
by adjusting the array diameter of a uniform circular array (UCA), but the channel matrix cannot reach full rank
when the UCA contains more than four antennas [4]. Zhu et
al. [5] optimized the UCA diameter using the Newton iterative method, but their approach may require a huge antenna
size to obtain small channel capacity gains. To avoid these
problems, we propose a new method that designs the UCA
diameter for any number of antennas. The designed size of
the UCA is linearly related to the number of radio frequency
(RF) chains.
System model. We developed a UCA model with N RF
chains at the transmitter (Tx) and M RF chains at the receiver (Rx). Each RF chain at Tx drives one antenna, and
each RF chain at Rx is connected to one antenna. The diameters of the transmitting and receiving antenna arrays are
dt and dr , respectively. The Tx and Rx are separated by a
distance L.
Channel model and design of the UCA structure. When
the structure of the UCA, the carrier frequency, and the distance L are determined, the (m, n)th element of the channel
matrix H is computed as
hm,n = ej

2π d
λ m,n ,

(1)
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The elements hm,n of H are assembled as hn = [h1,n ,
. . . , hM,n ]T and H = [h1 , . . . , hN ] . The channel capacity
of the LOS MIMO systems is then expressed as


ρ
C = log2 IN + 2 H H H ,
(4)
σ N

where ρ is the transmit power, σ2 is the noise power, and
M is greater than or equal to N .
According to matrix theory, the channel capacity reaches
its upper bound when H H H equals M I. However, we found
that the upper bound of the channel capacity cannot be
reached when the number of antennas exceeds four, so instead we try to ensure hH
i hj → 0 by applying the minimum mean square error (MMSE) criterion. We further assume an equal number of RF chains at Rx and Tx; that is,
opt
M = N = NRF . When NRF is given, ηN
can be expressed
RF
as follows:
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where
where m = 0, 1, . . . , M − 1, n = 1, 2, . . . , N, λ is the carrier wavelength and dm,n is the distance between the mth
receiving antenna and the nth transmitting antenna. From
the positional relationship between Tx and Rx, dm,n is given
by
q
d′2
m,n
dm,n = L2 + d′2
,
(2)
m,n ≈ L +
2L
where d′m,n is the distance between the mth receiving antenna and the nth transmitting antenna when the receiving

dr dt
.
(6)
λL
As the UCA is symmetric, we need to analyze only the
correlation between the first antenna and all other antennas.
We define the average correlation coefficient as
v


uPN PN
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u
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Figure 1 (Color online) Simulation results. (a) SE comparison when NRF = 8; (b) BER comparison when NRF = 8; (c) CDF
curve of singular value.

In (7), the average correlation coefficient is determined by
summing some trigonometric functions. First, we explore a
simple sum of trigonometric functions as
ysum =

K
X

cos(ωx).

(8)

ω=1

A simple numerical simulation confirmed that ysum first decreased and then fluctuated with increasing x. The first minimum is equal to the global minimum. Note that Eqs. (7)
and (8) present similar characteristics. Therefore, as η increases, Eq. (7) should also decrease first and then fluctuate. We verify this hypothesis in Appendix B. We choose the
first minimum point as the approximate optimal solution of
η, and denote it by ηopt . We find ηopt by a grid search and
count the number of ηopt solutions corresponding to NRF .
The results are shown in Appendix C.
A simplified algorithm. Although the grid search provides the approximate optimal solution ηopt , its complexity
is problematic. Therefore, we developed a simple algorithm
for obtaining ηopt . In Appendix D, we prove that ηopt and
NRF are roughly linear with respect to each other. We thus
obtain the relationship between ηopt and NRF by a linear
fitting method. The linear fitting results of the data ηopt
are shown in Appendix C. The fitting equation is
ηfit = 0.2988 × NRF − 0.391.

(9)

Note that ηfit is obtained by simple multiplication and
addition operations. We can assume that the Tx and Rx
arrays have the same
p diameter dr . Substituting (6) into (9),
we get dt = dr = (0.2988 × NRF − 0.391) λL.
In this case, the area of the UCA at Tx is
St = π



dt
2

2

=

(0.2988 × NRF − 0.391) πλL
.
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(10)

When the carrier frequency λ and the distance L between
Tx and Rx are given, Eq. (10) describes a linear relationship between the size of the proposed UCA and the number
of RF chains.
Simulation results. To evaluate the performance of the
proposed UCA, we adopted the spectral efficiency (SE),
bit error rate (BER), and cumulative distribution function
(CDF) of singular values. The carrier frequency f was
75 GHz. The distance L between Tx and Rx was 100 m.
Eight RF chains and eight antennas were set at both Tx
and Rx.

We compared three UCA structures: (1) the
p proposed
UCAs designed with ηopt , and dopt
= dopt
= ηopt λL =
r
t
0.8876 m, (2)p
the proposed UCAs designed with ηfit , and
fit
dfit
ηfit λL = 0.8943 m, and (3) the UCAs det = dr =
signed with a half-wavelength antenna spacing. In addition,
we generated a special channel for the performance evaluation, namely, an 8 × 8 Rayleigh fading channel. The simulation details are presented in Appendix E.
As shown in Figure 1, the UCA designed with ηopt and
ηfit achieved similar performances, and both outperformed
the Rayleigh fading channel. Therefore, ηfit is a suitable
proxy of ηopt .
Conclusion. We explored the possibility of achieving a
full-rank channel matrix for UCAs with more than four antennas. First, the correlation between the antennas was minimized under the MMSE criterion. We then approximated
the optimal diameter based on the properties of correlation
coefficients. The size of the proposed UCA is a linear function of the number of RF chains. Finally, we incorporated
this linear feature in a simplified algorithm.
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