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MIMO Antennas for a Terrestrial Point-to-Point Wireless Link:
From the Optimum Antenna Spacing to a Compact Array

Xuan Hui Wu'> *, Douglas Smith?, and Thomas Yang3

Abstract—Multiple-input-multiple-output antennas are investigated for terrestrial point-to-point
wireless link. The lack of rich scatters in a terrestrial wireless channel results in an ill-conditioned
channel matrix for a long range link with compact arrays, which can cause a high bit error rate.
This paper demonstrates that the channel matrix can be improved by carefully selecting the antenna
spacing. Unfortunately, an optimum antenna spacing that guarantees a good channel matrix is too
large to implement for most long range terrestrial wireless links. On the other hand, a channel capacity
study of an 8 x 8 link reveals that multiple antennas do provide more capacity even with small antenna
spacing. Constellation multiplexing is then applied to the compact array configuration to solve the
unreliable communication problem. In addition, a multilevel maximum ratio combining technique is
introduced to improve detection efficiency.

1. INTRODUCTION

Multiple-input-multiple-output (MIMO) antenna technology has been proven to tremendously increase
wireless communication systems’ capacity without extra frequency bandwidth [1-4]. It relies on rich
scatters in the wave propagation environment to construct virtually independent sub-channels. For a
MIMO link, the received signals are

sr = Hs¢ +n (1)

where s is the transmit signal vector, s, the received signal vector, H the channel matrix, and n the
noise vector. In a rich scattering environment such as urban areas, the channel matrix is well conditioned
and the transmitted data can be recovered as

s =H s, (2)

The idea of using multiple antennas to increase data is also introduced to terrestrial microwave
links [5,6]. However, for a terrestrial point-to-point wireless link as shown in Fig. 1(a), the channel
is dominated by line-of-sight paths and possibly additional ground reflection paths. The lack of
scatters in such a channel may result in a ill-conditioned channel matrix, and the computation of
(2) becomes unreliable. Repeaters can be used to improve the condition of the channel matrix, but it
requires expensive upgrade of the infrastructure [7]. At millimeter wave frequency, MIMO technology
is implemented for a line-of-sight short distance communication [8-10]. Optimal antenna array design
is discussed in [11] and adaptive strategy of multiplexing and beamforming is presented in [12] for
line-of-sight MIMO systems.

Without scatters, a proper arrangement of antennas’ positions may produce a well behaved channel
matrix. A 2 x 2 terrestrial MIMO link is shown in Fig. 1(a), with tower height 7' = 50 m, tower to tower
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Figure 1. (a) A 2 x 2 terrestrial MIMO link and (b) the received constellation diagram with 7" = 50 m,
D = 50km, 850 MHz carrier, SNR = 30dB and different antenna spacing values.

distance D = 50km, carrier frequency of 850 MHz, 30 dB signal to noise ratio (SNR) and a quadrature
phase shift key (QPSK) modulation scheme. Figs. 1(b) and (c) show the received constellation diagrams
for different antenna spacing if (2) is applied. Clearly, in order to achieve a low bit error rate (BER), a
spacing of 30 m is required for this example, which is impractical.

This paper investigates the performance of a terrestrial point-to-point MIMO link. Our study is
carried out by exploring the channel condition number, eigenvalue distribution, channel capacity and
the BER performance of a communication link. The channel model incorporates wave propagation
phenomena such as ground reflection and polarization mismatch. In Section 2, the effects of antenna
spacing on the condition number and eigenvalue of the channel matrix and BER performance are
studied. Both long range and short range links are discussed. Section 3 presents an 8 x 8 MIMO link.
It is implemented by deploying four dual-polarized antennas at both the transmitting and receiving
sides. The condition when the ground reflection should be considered is discussed. The channel matrix
is derived using a two-path model, and polarization mismatch is incorporated in the model. The
condition number of the channel matrix and the capacity of the channel is examined. Section 4 presents
a constellation multiplexing technique to solve the unreliable communications when compact antenna
arrays are deployed [13]. Excellent BER performance is observed. Section 5 presents a multilevel
maximum ratio combining algorithm to improve detection efficiency. Section 6 draws the conclusions.

2. ANTENNA SPACING EFFECTS FOR A 2 x 2 LINK

For the 2 x 2 MIMO link shown in Fig. 1(a), the channel matrix can be computed as

exp(—jkdll) eXp(—j:kdlg) (3)
exp(—jkdo1) exp(—jkda)

where k is the wave number. As discussed before, without rich scatters, and the channel matrix may
be ill conditioned and will produce poor constellation diagram at the receiver. Specially, if the tower to
tower distance is infinite while the antenna spacing is finite, all signal paths are parallel to each other
and have the same length, so d1; = d12 = do1 = dos. In this case, H is singular and cannot be inverted as
in (2). Alternatively, if the antenna spacing h is carefully chosen such that djo — dy; = doy — dag = \/4,
where X is the carrier wavelength, the channel matrix can be written as
_|1t —J
H = [_j X } . (4)
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This is a well conditioned matrix with condition number 1, and it can be inverted as

1 _ Ly
e —as[! ] .
Such an h is referred to as the optimum antenna spacing hpt, because it gives the best behaving channel
matrix. The hopy can be calculated as

hopt = D tan(¢) (6)

where D is the tower to tower distance and
1 L
D+ \/4

is the angle between two different signal paths as shown in Fig. 1(a).

For a wireless link over 30 km, Fig. 2(a) shows the relationship of hqp and tower to tower distance
D with different carriers. Obviously, hpt increases with tower to tower distance and decreases with
carrier frequency. It can be seen that in order to achieve a practical optimum antenna spacing for a
typical communication range, say 50 km, very high carrier frequency is required. Specifically, at 1 GHz,
hopt = 85m, which is impractical. Even at 80 GHz, which is the highest band for terrestrial microwave
link, hopt is about 10m, and it is still difficult to realize. The large antenna spacing not only limits the
number of antennas that can be installed on towers, but it also introduces additional loss due to extended
cables that connect antennas. On the other hand, a short range wireless link at millimeter wave is able
to implement its hopt. For example, 60 GHz band is an unlicensed band for a communication range less
than 2.5km. Fig. 2(b) gives the hop for tower to tower distance from 1km to 2.5km at 60 GHz, where
the optimum antenna spacing is about 2 m, which is realizable.

Figure 3 shows the condition number and eigenvalue ratio of the 2 x 2 link where the eigenvalue
ratio is defined as the magnitude of the ratio of the small eigenvalue over the large eigenvalue. As
seen, two eigenvalues have the same magnitudes at the optimum antenna spacing where the condition
number equals 1. If antenna spacing decreases from its optimum value, the condition number of the
channel matrix in (3) will increase drastically and the eigenvalue ratio reduces to 0. This results in
the computation of (2) being unreliable for a compact array. Monte Carlo simulation is carried out to
obtain the BER performance of the MIMO link with different antenna spacing. QPSK is adopted and
the transmitted constellation diagram is shown in Fig. 4(a). At the receiving side, (2) is applied first to
recover the transmitted signal. Then, the detection is carried out based on the location of the recovered
signal in the constellation plane. As shown in Fig. 4(a), two 45° lines divide the receiving constellation
plane into four regions D4, Dp, Do and Dp. If the recovered signal obtained from (2) falls into region
D,, with n representing A, B, C, or D, then S, in the transmitted constellation diagram is detected as

(7)

¢ = cos™
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Figure 2. Optimum antenna spacing hopt for a (a) long range link and (b) a 60 GHz short range link.
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Figure 3. Condition number and eigenvalue ratio of the 2 x 2 MIMO link, D = 50km and 850 MHz
carrier.
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Figure 4. (a) QPSK constellation diagram and the detection regions at the receiver and (b) the
resulting BER vs. antenna spacing for the 2 x 2 MIMO link, D = 50 km and 850 MHz carrier.

the transmitted signal. The BER performance vs. antenna spacing using the aforementioned detection
scheme is plotted and compared to the maximum likelihood detection in Fig. 4(b). It can be seen that
the increased SNR does not improve the BER performance when antenna spacing is small. The receiver
based on (2) behaves as a random guess that gives a 50% bit error rate and the maximum likelihood
detector also gives a high BER of 30%.

3. AN 8 x 8§ TERRESTRIAL MIMO LINK USING DUAL POLARIZED ANTENNAS

An 8 x 8 link is studied here. The array configuration is similar to that shown in Fig. 1(a) except that
four dual-polarized antennas, either linearly or circularly polarized, are installed on each tower. As
mentioned before, a terrestrial wireless link is dominated by a line-of-sight path and a ground reflection
path. The signal strength of the reflected path is determined by the antenna position, the antenna gain
and the reflection coefficient of the ground. Fig. 5(a) shows a pair of antennas, where the transmitting
and receiving antennas are at height of H; and H,., respectively. The tilting angle of the reflected signal
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path can be obtained as

H,+ H
. -1 t r
6 = tan <D > : (8)

The transmitting antenna points to the center of the receiving array. Assuming the main beam direction
of the transmitting antenna is parallel to the ground, if the signal power incident on ground is more
than half of that in the main beam direction such that

Osap > 20 9)

where ©O3q4p is the antenna’s half power beam width. The ground reflection is significant, and the
reflected path cannot be neglected. Assuming identical half power beam width in the two principal
planes, Equation (9) requires an antenna whose gain G satisfies

4 T

G=-" <ZT 10
O34p ~ 07 10
where 0 is given in Equation (8) [14]. Therefore, an antenna with gain less than /62 will give substantial

ground reflection.
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Figure 5. Ground reflection effect. (a) Reflection model and (b) upper bound of antenna gain that
gives significant ground reflection, with G = 7/6? in Equation (10).

If the equality sign is chosen, Equation (10) gives an upper bound for the antenna gain that will
cause substantial ground reflection. Fig. 5(b) shows such bound for antenna gain vs. antennas’ total
height for different antenna spacing. Particularly, given an antenna spacing D and total antenna height
H;+ H,, an antenna whose gain below the value in Fig. 5(b) will result in a significant ground reflection.
Considering that the maximum gain of most available terrestrial microwave antennas varies between
30dB to 35dB for different bands, a long range link with D > 10km and a typical tower height of
around 50 m will have a strong ground reflection. For a short range like 2 km, the ground reflection may
be ignored if the antennas are installed high enough above the ground.

In order to incorporate the ground reflection effect, a two path model is applied when deriving the
channel matrix. The elements of the channel matrix can be obtained by tracing the direct and reflected
signal paths between each transmitting/receiving antenna pair as

G = adir + Qref- (11)

where agi; is the channel response due to the direct path. For the antenna configuration in Fig. 5(a),
aqir can be calculated based on the Friis transmission equation [14] as

exp [—jh/D2+ (H, — H,)?
\/D2 + (Ht - HT)2

Adir = / Gt,dirGr,dir

ﬁt : /37’ (12)
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Table 1. Unit polarization vectors.

V-pol H-pol LHCP RHCP
Transmitting 7 z (9 —Jj2)/V2 (§+3j3)/V2
Receiving 7 z (y +j@)/\@ (9 —j@)/ﬂ

where G gir and G, g;; are the transmitting and receiving antenna gain in the direct path direction and
Pt as well as p, are the unit polarization vectors of the transmitting and receiving antennas, respectively.
pr and p, are listed in Table 1, where & is parallel and ¢ is perpendicular to the ground as illustrated in
Fig. 5(a).

Similarly, aef in (11) is the channel response due to the reflected path and can be calculated as

exp [—jkz\/D2 + (H: + HT)Q]

Qref = \/Gt,TGr,ref \/_D2 + (Ht + Hr)2

X [(pe - 2Tn)2 + (pe - 9T)G] - or (13)
where G\ ref and G yer are the transmitting and receiving antenna gains in the reflected path direction,
and I'p, and I', are the ground reflection coefficients for horizontally and vertically polarized waves,
respectively [14]. If the ground is modeled as a semi-infinite dielectric material with a relative
permittivity €., the reflection coefficients can be calculated as

\/€r cos 0y — cos 6;

Iy, = 14
h V€ cos 0y + cos b; (14)
r, €, cosB; — cos 0, (15)

- \/€r cos 0; + cos 0;

where 6; and 6; are the incident and transmission angles whose relationship is determined by the Snell’s
Law [15]. Different types of ground result in different e, values. In this study, the averaged value of 15
is used.

With Equations (11)—(15), the 8 x 8 channel matrix can be constructed. With the same tower to
tower distance and carrier frequency as in Fig. 3, the condition numbers are plotted and compared to
the 2 x 2 link in Fig. 6(a). The hqpt of the 8 x 8 link is reduced to a value of around 65m, but grows
drastically when the antenna spacing decreases from its optimum value. The eigenvalue distribution of
the 8 x 8 link are plotted in Fig. 6(b) and Fig. 6(c), for the link without and with ground reflection,
respectively. Given an antenna spacing, the resulting eigenvalues are normalized by the maximum value.
Without ground reflection, the channel responses for the two orthogonal polarization waves are the same
and so give identical eigenvalues. So, each curve in Fig. 6(b) is actually two overlapped curves. However,
with ground reflection, the channel response depends on wave polarization because the ground reflection
coefficient is polarization dependent. So, there are eight distinct curves in Fig. 6(c). As shown, for a
compact array with small antenna spacing, there are only two eigenvalues with nontrivial values, which
means only two instead of eight parallel channels can be constructed. The plots of the 8 x 8 links in
Fig. 6 are polarization independent. Therefore, if only two orthogonal polarizations, either linear or
circular, are utilized for each antenna, the condition number and eigenvalue distributions of the 8 x 8
channel matrix remain the same.

On the other hand, the analysis of the channel capacity reveals that increasing the number of
antennas does improve the channel capacity as shown in Fig. 7. Similar to Fig. 6, the result of the 8 x 8
link is polarization independent if two orthogonal polarizations are used for each antenna. The channel
capacity is computed as

N
0 <t e (1, + )] e
t

where det(+) is the determinant of a square matrix, (-)* the conjugate transpose of a matrix, Iy, a
unit matrix whose dimension equals to the number of receiving antenna ports N,, and N; the number
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Figure 6. (a) Condition number comparison, (b) eigenvalue distribution of the 8 x 8 link without
ground reflection and (c) including ground reflection, with D = 50km and 850 MHz carrier.

of transmitting antenna ports [2]. Specifically, the channel capacity increases with the number of
antennas even with small antenna spacing. For nonuniform antenna arrays, the array configuration can
be optimized to maximize the channel capacity [16].

4. CONSTELLATION MULTIPLEXING FOR A COMPACT ANTENNA ARRAY

With sufficient scatters, the channel matrix is well conditioned. Isolated sub-channels can be constructed
virtually for the transmission of multiple data streams without mutual interference. For a terrestrial
wireless link, the lack of scatters makes the sub-channels not isolated. Instead, there is strong coupling
between the sub-channels. Therefore, different data streams are mixed together in the channel and
becomes difficult to separate at the receiver.

However, the aforementioned difficulty arises only if identical constellation diagrams are applied
at all transmitting antennas. If some sort of differences are introduced to the modulation scheme
of each transmitting antenna, such differences can be utilized at the receiving side to separate data
stream. This leads to a technique called constellation multiplexing [13]. Take the 2 x 2 link in Fig. 1(a)
for example, Fig. 8(a) shows the transmitted and received constellation diagrams of a 2 x 2 link after
applying constellation multiplexing. The two transmitting antennas both apply QPSK but with different
magnitude. S, with n € {1,2,3,4} is transmitted by one antenna. S, with p € {A,B,C,D} is
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transmitted by another antenna. Each receiving antenna receives the superposition of these two sets
of QPSK signals, which turns out to be 16 distinct points on the received constellation diagram. Fach
receiving antenna receives a higher order constellation diagram compared to the transmitting side. As
illustrated, the transmitted data can be decoded based on the location of the received signal on the
constellation diagram.

An optimum detector referred to as Maximum Likelihood detector can be used to detect S, and
Sp [17,18]. With the channel matrix H known at the receiver, the signal received due to the transmission

of any combination of S, and S, in Fig. 8(a) is known as Hsy where s¢ = [S), S,)" in this example.
As a result, the transmitted data can be decoded as the pair (S, Sp) that gives the minimum difference
between the received signal and the signal supposed to receive as

arg min | Hst — sy |2 (17)
ne{1,2,3,4},pe{A,B,C,D}

where || - || gives the Euclidean norm of a vector. The computation of Equation (17) is a searching
procedure and does not involve any matrix inversion. The searching dimension of the Maximum
Likelihood detector is MV, where M is the number of different waveforms transmitted by each antenna
and Ny is the number of transmitting antennas. Note that Equation (17) does not require the same
number of receiving and transmitting antennas as in Equation (2). One receiving antenna is sufficient to
separate the data streams from different transmitters by only using one element of the vector Hsy — s,
in Equation (17). In the case of multiple receiving antennas, incorporation of all received signals will
make the detector more robust.

Considering the 8 x 8 link in Section 3, if linear polarization is used, the link can be considered
as two isolated 4 x 4 links, one for each polarization. This is because ground reflection does not
introduce coupling of the two linear polarizations, and a good reflector antenna has excellent cross
polarization discrimination level of 30dB to 35dB. Hence, a 4 x 4 link with vertical polarization is
studied. Constellation multiplexing of QPSK is applied such that the magnitude of the signals are
2m=1//85, where m € [1,2,3,4] is the antenna index. The Maximum Likelihood detector in Equation
(17) is adopted at the receiver. The BER performance is plotted in Fig. 8(b) with different SNR values for
different antenna spacings. Clearly, compared to the results in Fig. 4(b), the constellation multiplexing
technique gives excellent results and the BER performance remains almost the same for antenna spacing
from 1 m to 7m. With SNR = 30dB, the received constellation diagrams at different receiving antennas
are illustrated in Fig. 9(a) for antenna spacing of 1m, and in Fig. 9(b) for antenna spacing of 5m. For
the 1m spacing case, all the receiving antennas receive almost identical signals because the channel
responses for different antennas are very similar. For the 5m spacing case, difference constellation
diagrams are received by different receiving antennas due to the decorrelation of the sub-channels. In
addition, twisting of the constellation diagram is observed, for example in Fig. 9(b). This is because
with the large spacing of the transmitting antennas, the channel responses from different transmitting
antennas to any receiving antenna are different. In Fig. 9, all the constellation diagrams are very
clean, which results in reliable detection with low BER. The constellation multiplexing technique form
high order modulated symbols in the channel instead of at the transmitter. Therefore, the maximum
transmitted power is much less than that of a single transmitting antenna that generates the same high
order modulated symbols.

5. MULTILEVEL MAXIMUM RATIO COMBINING FOR HORIZONTALLY
DISPLACED MIMO ANTENNAS

Although the maximum likelihood detection gives optimum results, it is inefficient because it searches
all the possible combination of the transmitted signals. A real time communication link requires a more
efficient detection algorithm.

The maximum ratio combining combines all the signals at different receiving antennas before
detection. It is traditionally a receiving diversity technique for a single-input-multiple-output (SIMO)
system. With small antenna spacing such as A = 1m, the multiple transmitting antennas may be
considered as a single hypothetical antenna that transmits high order modulated signals. Thus, an
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Ny x N, link is approximated as a 1 x N, link and the received signals can then be combined as

Ny
Smre = Z sphy, (18)
n=1

where s, is the received signal at the nth receiving antenna and h, the channel response from the
hypothetical antenna to the nth receiving antenna. Detection is based on the combined signal spyc.
Since there are physically N, transmitters, h,, can be computed as the averaged channel response from
different transmitting antennas to the nth receiving antenna following

hy, = A > hom (19)

where hy,., is the channel response from the mth transmitting antenna to the nth receiving antenna.
However, this technique is very sensitive to the horizontal displacement of the antennas. As shown
in Fig. 10(a), for a terrestrial wireless link, reflector antennas are installed separately and a perfect
alignment cannot be guaranteed. Furthermore, due to the tilting angle of the antenna tower, a
horizontal displacement between antenna elements may be unavoidable. Fig. 10(b) shows the BER
performance of the 4 x 4 link after applying the maximum ratio combining in Equations (18) and
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Figure 10. (a) A 4 x 4 link with displaced MIMO antennas and its BER vs. SNR using (b) maximum
ratio combining, (c¢) multilevel maximum ratio combining for a link without antenna displacement and
(d) multilevel maximum ratio combining for a link with antenna displacement s = \/4.
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(19). Clearly, if the antennas are aligned perfectly without horizontal displacement, the maximum ratio
combining performs similar to the maximum likelihood detector shown in Fig. 8(b). However, a slight
displacement of s = A/16 brings the BER up to around 30%. It is because the maximum ratio combining
only compensates the displacement of receiving antennas but not transmitting antennas. The element
displacement at the transmitting side also introduces additional phase delay or phase advance of the
received signal, which invalidates the hypothetical single transmitting source approximation.

An iterative multilevel maximum ratio combining algorithm solves the aforementioned problem. It
detects transmitted signals iteratively from the one with the highest power to the one with the lowest
power and adopts different coefficients to combine received signals at different levels. Assuming the
transmitted power from the mth antenna is 27~!/4/85, detection starts from the first transmitting
antenna. For the detection of the data from the mth transmitting antenna, the received signals are
combined using the channel coefficients from the mth antenna as

Ny
Smmrc,m = Z th’;m (20)

n=1

The transmitted data from the mth antenna is then detected based on the phase of symre,m. If the
transmitted signal from the mth antenna is detected as s} ,,,, its contribution on all the received signals
need to be removed as

Sp = Sp — s;,mhm, withn=1,---, N, (21)

in order to conduct detection for the (m + 1)th transmitting antenna. Equations (20) and (21) are
carried out recurrently until all the transmitted data are detected. For the 4 x 4 link in Fig. 10(a), the
BER performance of the multilevel maximum ratio combining is plotted in Fig. 10(c) for s = 0m and
in Fig. 10(d) for s = A/4, with different antenna spacings. They show almost identical results and the
performance is very close to that of the maximum likelihood detection shown in Fig. 8(b).

6. CONCLUSIONS

Multiple-input-multiple-output schemes are investigated for terrestrial point-to-point wireless link.
Different from a conventional MIMO link, a terrestrial wireless link is lack of scatters. As a result, the
channel matrix is mostly dependent on array configuration parameters, such as antenna spacing, antenna
height and tower to tower distance. Antenna spacing effects are studied. For short range communications
at millimeter wave frequencies, the optimum antenna spacing that gives a well conditioned channel
matrix can be realized. But for long range communications, such optimum spacing is too large to
implement. Thus, a practical channel matrix for long range communications is ill conditioned, which
gives high BER if the detection relies on channel matrix inversion. An 8 x 8 MIMO link with four
dual-polarized antennas at both transmitting and receiving sides is modeled and studied. The ground
reflection and polarization mismatch are incorporated in the channel model. It reveals that although
the optimum antenna spacing decreases with more antenna elements, the 8 x 8 link has worse channel
matrix when antenna spacing is small. On the other hand, the channel capacity does increase with more
antennas, even with small antenna spacing. The constellation multiplexing technique is then applied to
tackle the poor communication reliability problem caused by the ill-conditioned channel matrix. As an
example, signals of QPSK with different amplitudes are transmitted by different antennas, and form a
high order constellation diagram at the receiver. It is demonstrated that excellent BER performance
can be achieved for long range terrestrial MIMO link with compact antenna array using constellation
multiplexing. A multilevel maximum ratio combining technique is investigated to improve detection
efficiency.
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