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at higher frequencies. This continuously increasing band-
width requirement leads to the utilization of millimeter wave 
frequencies in the 26–30 GHz frequency area, and even at 
higher 50–100 GHz frequencies in 5G Advanced and 6G.

These high frequencies have certain limitations in a radio 
wave propagation [1] and thus, more and more line-of-sight 
(LOS) conditions are needed between base stations and user 
equipment (UE) to enable connections. The reception of the 
signals at the LOS propagation channel follows the Rician 
distribution [2], meaning also less phase and fast fading 
differences between these signals [3]. This lack of phase 
and fast fading differences make it difficult to have uncor-
related propagation channels in the LOS path and thus, the 
performance of a Multiple-Input-Multiple-Output (MIMO) 
transmission system [4] is significantly limited. This MIMO 
limitation causes a remarkable decrease in the system capac-
ity. MIMO performance in LOS paths is studied in [5, 6], 

1  Introduction

Mobile phone users require more and more network capac-
ity for their wireless communication. Mobile networks try 
to meet this demand by introducing new technologies such 
as 5G, 5G Advanced, and 6G, which provide higher system 
capacities mainly as a result of wider frequency bandwidths 
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Abstract
The aim of this paper is to define new uncorrelated propagation channels for Multiple-Input-Multiple-Output (MIMO) 
purposes by producing angular phase differences in the transmission. The phase difference can be created such that the 
radiation power of the signal does not change when selecting correct values for real and imaginary parts of the complex 
value a + jb. This results in the same signal amplitudes, i.e., coverage area or antenna power radiation pattern, but multi 
path signal components are received with phase differences. These phase differences then allow uncorrelated propagation 
channels to be used in MIMO N × N. In 5G/6G mobile networks, mostly only line-of-sight (LOS) connections between 
base stations and mobiles are available at very high frequencies, and small cell implementations with MIMO are needed 
to maximize the system capacity. However, MIMO has performance limitations in LOS environments due to lacking the 
required phase difference between MIMO channels when traditional antenna space separation is used. Thus, these new 
uncorrelated channels are especially needed in high-capacity small cell implementations but also in nearly LOS-type 
environments, as on highways. Ray-tracing simulations were done at 28 GHz frequency in a small cell LOS environment 
to show the impact of angular phase differences. Fast fading statistics and signal cross-correlations were analyzed to see 
the potential of utilizing MIMO N × N in LOS propagation paths. MIMO system capacities were calculated for different 
MIMO configurations, and these results were compared with the results of traditional spatially separated configurations. 
The simulated results showed that sufficient angular phase difference offers independent propagation channels in a small 
cell LOS environment with cross-correlation factors of 0.01–0.44. These low correlated propagation channels yielded 
a capacity increase of 3.44–3.88 times from SISO to MIMO 4 ×  4 with one polarization and with different directional 
antennas. This capacity was even 95 % higher than the capacity with only spatially separated directional antennas.
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and discussions related to phase shift can be found in [7, 8]. 
Overall, the limitation of MIMO performance in LOS paths 
due to a lack of phase shift is generally accepted.

MIMO is one of the key functionalities to reuse frequen-
cies and increase system capacity in mobile, local area and 
satellite networks. Typically, MIMO performance is maxi-
mized in the close proximity of a base station antenna [9] 
when the signal-to-interference-and-noise ratio (SINR) is 
at an adequate or good level. Moreover, MIMO utilization 
should be considered in the middle of cells because of inter-
cell interference and the utilization of polarization adapta-
tion [10]. Hence, MIMO N ×  N could offer significantly 
increased capacity close to base station antennas if uncor-
related channels were available. This increase in system 
capacity would be maximized with wide bandwidths at high 
frequencies.

In this paper, an angular phase difference at transmission 
is introduced and performance simulations are done in small 
cell LOS environments. The angular phase difference can 
be produced by having different phase radiation patterns in 
the transmit antenna. The aim of these different phase radia-
tion patterns is to have more uncorrelated channels for LOS 
paths and thus offer improved MIMO N × N communica-
tion and capacity for high frequencies. Phase differences 
are based on unique selections of real and complex parts 
of transmitted signals. These values are selected such that 
radiation power is kept constant but angular phases of these 
transmissions are changed. Moreover, angular phase differ-
ences create uncorrelated channel responses through multi 
path propagation. And these more uncorrelated channels 
offer significant opportunities to improve limited MIMO 
efficiency [4–8]. This improvement of MIMO efficiency is 
important when several MIMO channels are used with the 
same polarization.

The impact of environmental aspects, such as the volume 
of reflections from walls in multi path propagation, need to 
be studied as well as the impact of distance between trans-
mitter and receiver. The main goal of this paper is to show the 
signal cross-correlations of these new uncorrelated channels 
and to show system capacity improvements in the case of 
MIMO 4 × 4 with one polarization. These four uncorrelated 
channels using the same polarization are interesting when 
considering MIMO 8 × 8 configurations in near future, for 
example, having four dual-polarized antennas.

2  Signal detection and MIMO capacity

In mobile networks, a base station transmits a signal to a 
certain desired direction as presented in Fig. 1a. This direc-
tion is selected by using an antenna or antenna array. In 
detail, this means the transmission of a complex value with 
a certain phasing, that is, a multiplication operation with 
another complex value. This phasing defines the strength of 
the signal to each direction from the antenna.

Before the antenna, the signal can also be modified with 
weighting units where given phases can be continuously 
changed, causing continuously changing power radiation 
patterns of the antenna as presented in Fig. 1a. Before the 
weighting unit, the original signal is created and provided 
for the transmission.

The original signal is typically modulated with digital 
modulation schemes, for example, a quadrature amplitude 
modulation (QAM). As a result, the signal has complex val-
ues which presents certain bit streams, as shown in Fig. 2 
along with the constellation of 16 complex values (i.e., 
16QAM). Each complex value in this constellation repre-
sents four bits from 0000 to 1111. When a bit stream is to 

Fig. 1  Different antenna configura-
tions (SISO and MIMO) over a 
radio channel
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be transmitted, the correct complex value is selected and 
forwarded via the weighting unit to the antenna.

The base station antenna transmits the signal to a receiver 
through a radio propagation channel as shown in Fig. 1. The 
impact of the radio propagation channel can be expressed 
as [11]:

y(t) =
τmaxˆ

0

[h(τ, t)x(t − τ)] dτ = h(τ, t) ∗ x(t),� (1)

where x(t) is the transmitted signal, y(t) is the impulse 
response, and h(τ, t) is the impact of the radio channel. 
If the impact of the radio channel h(τ, t) and the impulse 
response y(t) is known, the transmitted signal x(t) can be 
solved for. The impact of the channel can be measured by 
using a reference pilot signal [12] and the receiving end tries 
to solve the transmitted signal, that is, a complex value.

MIMO is related to several transmitting (TX) and receiv-
ing (RX) antennas, or antenna arrays, as presented in 
Fig. 1b, each to be used separately either as an independent 
data channel or as a diversity branch. Adaptation between 

independent transmission channels and independent diver-
sity branches is called adaptive MIMO switching [13].

When the MIMO setup is used for independent transmis-
sion, the MIMO channel matrix [11] can be presented as:

yj(t) =
M∑

i=1
hi,j(τ, t) ∗ xi(t), j = 1, 2, . . . , N,� (2)

where yj(t) is the received signal vector from the MIMO 
channel, xi(t) is the transmitted signal to the MIMO chan-
nel, and hi,j(τ, t) is the MIMO channel matrix:

H(τ, t) =




h1,1(τ, t) h1,2(τ, t) · · · h1,N (τ, t)
h2,1(τ, t) h2,2(τ, t) · · · h2,N (τ, t)

...
...

. . .
...

hM,1(τ, t) hM,2(τ, t) · · · hM,N (τ, t)


� (3)

representing the connection of the ith antenna transmission 
and jth antenna reception. Each hi,j(τ, t) indicates the qual-
ity of each connection, and the optimal setup has maximum 

Fig. 2  Example constellation of a 
16QAM modulated signal at the 
TX end
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ρXY =

n∑
k=1

(
Xi − X

) (
Yi − Y

)∗

√
n∑

k=1

(
Xi − X

)2 n∑
k=1

(
Yi − Y

)2
,� (6)

where X is the first received signal, Y is the second received 
signal, and ()∗ denotes complex conjugation. The values 
of the correlations are between 0 and 1, and the lower the 
value, the better is the cross-correlation.

Uncorrelated signals and channels can be created by 
changing the transmitted real and complex parts of the com-
plex values a + jb, still keeping the amplitude a2 + b2 con-
stant but changing the values a and b. The difference in the 
values a and b defines the phase of the signal component 
in each transmission direction and thus, the selection of a 
and b may cause, for example, a phase difference of 0–180 
degrees. This angular phase difference may be constant in 
all directions [18], or it could be variable in different direc-
tions [19]. In this paper, only variable phase shifts in dif-
ferent directions are studied because constant phase shift 
in all directions needs additional interleaving in the system 
when a multi path propagation environment is considered. 
Variable phase shift in different multi path directions yields 
different multi path components and variation in component 
summing. A theoretical approach is used to produce almost 
the maximum variation in phase shifts in different directions 
to show the theoretical opportunity of the angularly phase 
shifted channels.

The applied angular phase pattern of the ith transmitting 
antenna is given as:

Φi(θaz) = aiθaz and Φi(θel) = aiθel� (7)

for the horizontal and vertical antenna configurations, 
respectively. Moreover, θaz and θel are the azimuth and 
elevation angle-of-departure in respective order, and ai is a 
theoretical prime number based angular pattern coefficient 
of the ith transmitting antenna, as described in Table 1. In 
such simple mapping between the angle-of-departure and 
angular phase shift, considering prime numbers is not nec-
essary, but might become relevant when using more com-
plicated mapping models to avoid certain cyclic structures.

The same patterns are used with different antenna beam 
widths. In practical implementations, the limitations of the 
antenna or antenna array in producing several phase differ-
ences in different directions should be remembered.

Additionally, in practical MIMO N × N implementation, 
N physical antennas or antenna arrays are needed both in 
transmission and reception, to have separate phase shifted 
channels for the transmission with one polarization. This is 
still practical at high frequencies when wavelength is only 

values for all terms i = j and minimum values, i.e., zero 
values, for all terms i ̸= j.

Finally, MIMO capacity can be estimated based on the 
Shannon capacity equation, and a MIMO Shannon equation 
can be written [11] as:

CMIMO = log2

(
det

(
I + 1

σ2
n

HQHH
))

,� (4)

where σn is the noise or interference power.
This MIMO Shannon equation can also be expressed as

CMIMO =
K∑

k=1

log2

(
1 + λk

Pk

σ2
n

)
,� (5)

where K is the number of independent channels, λk is an 
eigenvalue of the channel k and Pk is the power allocation 
of channel k.

The power allocation and noise power together with 
eigenvalues represent the quality of each channel, that is, 
the signal-to-interference-plus-noise ratio (SINR). In the 
case of MIMO 2 × 2 and with SINR = 0 dB, both channels 
have a bit rate of 1 bit/Hz; the MIMO 2 × 2 capacity is 2 bit/
Hz. Throughout the paper, it is assumed that channel state 
information is available at the transmitter and thus, enables 
optimization of the channel capacity by adapting the trans-
mit power according to the channel state. The water-filling 
approach [14] is utilized for optimal power allocation to 
reach the maximum capacity.

3  Uncorrelated propagation channels and 
angular phase difference

MIMO N  ×  N (M = N) means N independent or uncor-
related propagation channels where the same frequency 
band can be reused and different data transmitted. Different 
polarizations offer uncorrelated transmissions and propaga-
tion channels [15], and antenna separation in space [16] is 
another way to create uncorrelated transmissions. Antenna 
separation produces rather good uncorrelated channels in 
non-line-of-sight (NLOS) environments [6] but in practice, 
antenna separation does not necessarily offer enough phase 
shift in LOS environments [3]. The quality of uncorrelated 
channels can be evaluated by calculating signal cross-cor-
relations of signals X and Y at the receiver by the equation 
[17]:

Table 1  Selected coefficients of angular phase patterns based on four 
prime numbers
a1 a2 a3 a4

104,729 660,887 1,261,327 1,883,939
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TX-RX was 10 to 200 meters. The simulation environment 
included a typical urban street canyon and a marketplace as 
a more open area, as shown in Fig. 3a. A transmitted power 
of 5 watts was used with different antenna configurations. 
First, an isotropic antenna with 0  dB gain was used and 
then 30- and 10-degree horizontal half power beam widths 
(HPBW) were adapted, as presented in Fig. 3b. Directional 
antennas both have an antenna gain of 6  dB. Directional 
antenna patterns were pointed in the TX/RX directions to 
see the effect of walls in regard to multi path propagation. 
All simulations were done at a carrier frequency of 28 GHz 
and with vertical polarization, i.e., having an electric field 
in a vertical direction. Moreover, all path losses between 
transmitter and receiver were checked to keep the signal-
to-interference-plus-noise ratio (SINR) at a minimum level 
of 10  dB to not impact the results. The multi path signal 
components at RX antennas were calculated every 1λ to 
analyze signal cross-correlations and every 50 to estimate 
the MIMO capacities.

First, reference simulations were done by separating four 
antennas, each half wavelength and two wavelengths (0.5λ 
and 2λ) in space, to evaluate the opportunity of reaching suf-
ficient spatial phase shift between multi path components. 
The antennas were separated in both horizontal and vertical 
directions to show the impact of wall and ground reflections. 
Four adjacent antennas were included in the simulations to 
be able to offer MIMO 4 × 4 with one polarization.

Finally, the power radiation pattern was kept constant and 
different angular phase shifts were used in different horizon-
tally and vertically 0.5λ separated antenna configurations to 
achieve more uncorrelated channels.

from centimeters to millimeters, or even less. In this practi-
cal MIMO N × N implementation, the required phase shifts 
can be achieved by using different antenna arrays, for exam-
ple, having different phase patterns provided by physical 
antennas [19], or by using lens antennas. Another opportu-
nity would be to create phase shifts digitally in the weight-
ing unit before the antenna array. In this active antenna case, 
beam steering or beamforming can also be applied with dif-
ferent phase patterns for different MIMO branches.

Ray-tracing simulations were performed at 28 GHz fre-
quency with 400 MHz bandwidth to highlight fast fading 
statistics produced by different phase shift patterns. The 
commercial Wireless InSite ray-tracing simulator [20] was 
used, and simulations included all relevant paths between 
TX and RX as direct, reflected and diffracted paths. Simula-
tion environment contains building blocks with smooth wall 
surfaces, and typical material values of concrete and dry 
earth were used for the walls and ground in respective order. 
Furthermore, to ensure sufficient richness of the considered 
multipath environment, for each path the maximum number 
of reflections and diffractions were limited to six and two, 
respectively. The simulator parameters were set such that 
the relevant multi path components were collected at certain 
locations to show fast fading. Vertical polarization was used 
in the transmitting and receiving antennas.

4  Simulation setup and results

Simulations were done in a small cell LOS environment 
where TX antennas were at a height of 5 meters, RX anten-
nas at a height of 1.5  meters, and the distance between 

Fig. 3  Simulation environment and TX/RX antennas

 

1 3



Wireless Networks

vertically in the street canyon. Table  2 also shows that 
increasing antenna separation from 0.5λ to 2λ only results 
in a minor improvement to correlation values.

In the marketplace environment, almost all correlations 
are slightly higher compared to the street canyon, as can 
be seen in Table 2, because reflections from the walls are 
weaker. Still, the horizontal separation leads to lower cor-
relation values than the vertical separation of the antennas. 
Additionally, the impact of narrower beam width can be 
seen in increased correlations in the marketplace environ-
ment in Table 2. Finally, all received signals over the street 
canyon and marketplace paths were almost at a constant 
mean level in all spatially separated configurations, indicat-
ing some capacity increase in MIMO N × N.

The examples of the received signal power levels at UE 
with different angular phase shifts are presented in Fig. 5 
where uncorrelated fast fading dips were obtained in both 
horizontal and vertical separated configurations. By com-
paring the received signal levels in Figs.  4 and   5, it can 
be concluded that angular phase difference significantly 
changed the correlation between the antennas. The mean 
levels of the received signal powers are still at a constant 
level due to similar power radiation patterns. Moreover, all 
receptions of the different configurations in Figs. 4 and 5 

Four angular phase differences were used in the simula-
tions, referred again to MIMO 4 × 4, all including variable 
phase differences in variable transmission directions, as pre-
sented in Table 1.

The example results of the spatial antenna separation 
with different beam widths are presented in Fig.  4 and 
Table  2. It can be seen in Fig.  4a–c and Table  2 that the 
received power levels are spatially quite correlated in the 
street canyon at 28 GHz frequency with horizontally sepa-
rated antennas when antenna separation is only half wave-
length. However, even higher correlations can be seen with 
narrower beam widths when wall reflections are decreased. 
Correspondingly, higher correlations, 0.99–1.00, can be 
seen in Fig. 4d–f and Table 2 if the antennas are separated 

Table 2  Signal cross-correlations of spatially separated antennas in the 
street canyon and marketplace environments

Isotropic 30 10
Street canyon 0.5λ horizontal 0.75 0.86 0.99

2λ horizontal 0.40 0.52 0.86
0.5λ vertical 1.00 1.00 1.00
2λ vertical 0.99 0.99 0.98

 Marketplace 0.5λ horizontal 0.75 1.00 1.00
2λ horizontal 0.82 1.00 1.00
0.5λ vertical 1.00 1.00 1.00
2λ vertical 0.99 1.00 1.00

Fig. 4  Examples of the received signal levels of 0.5λ horizontal separation with four antennas in the street canyon (a–c). Examples of the received 
signal levels of 0.5λ vertical separation with four antennas in the street canyon (d–f)
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4  ×  4 capacity with different spatial configurations and 
angular phase shifts, and with only one polarization used. 
All capacity results were calculated over the 400  MHz 
bandwidth and the averaged Bits/Hz are presented.

In Fig. 6, a comparison of the capacity of different hori-
zontally separated antenna configurations is presented for 
the street canyon. When a spatial separation of 0.5λ is used 
with four adjacent antennas in horizontal directions and with 
isotropic radiation patterns, the capacity of MIMO 4 × 4 in 
the street canyon is 3.15 times (8.2/2.6) higher than in a 
SISO configuration where only one antenna is used for TX 
and RX. When directional antennas of 30 and 10 degrees are 
used in the street canyon, the difference in capacity between 
SISO and MIMO 4 × 4 is 2.44 times and 2.00 times, respec-
tively. Hence, it can be noted that narrower beam widths 
cause a clear reduction in MIMO capacity due to higher 
spatial correlation but also due to the loss of multi path 
components and received energy. However, the absolute 
Bits/Hz value of MIMO 4 × 4 with directional antennas is 
higher than with isotropic antenna because of antenna gain, 
stronger signal, and SNR. Thus, more directional antennas 
offer higher capacity despite some capacity loss due to non-
optimal multi path propagation. Figure 6 also shows that a 
2λ separation offers about the same MIMO capacity as a 
0.5λ separation.

follow Rician or Rayleigh fading distributions depending on 
the number of wall reflections.

Next, signal cross-correlations were calculated from 
equation (6) to see the independence of different propaga-
tion channels produced by different angular phase shifts. 
Table  3 shows low cross-correlation values 0.01–0.44 for 
all configurations in both the street canyon and marketplace 
environments. The obtained cross-correlation results are 
also quite constant in the street canyon and marketplace 
with different antenna configurations and at different dis-
tances. All these low values indicate good MIMO N × N 
performance.

Finally, the received signal values were put into MIMO 
performance equation (5) to calculate the Shannon MIMO 

Table 3  Signal cross-correlations of different angular phase shifts in 
the street canyon and market place environments

Isotropic 30 10
Street canyon Phase shift with 0.5λ hori-

zontal separation
0.10 0.15 0.25

Phase shift with 0.5λ verti-
cal separation

0.01 0.02 0.02

Marketplace Phase shift with 0.5λ hori-
zontal separation

0.34 0.44 0.44

Phase shift with 0.5λ verti-
cal separation

0.02 0.03 0.03
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Fig. 5  Examples of the received signal levels of four angular phase shifts of 0.5λ horizontal implementation in the street canyon (a–c). Examples 
of the received signal levels of four angular phase shifts of 0.5λ vertical implementation in the street canyon (d–f)
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reduced because of the environment or the antenna radia-
tion pattern.

When angular phase shifts are added to isotropic and 
directional antennas, a combined effect of spatial separation 
and angular phase shift is presented. It should be recalled 
that this is the only practical way to implement N different 
TX and RX antennas for MIMO N × N purposes when all 
TX antennas are transmitting the same polarization.

One to four angular phase shifts are used, referring SISO, 
MIMO 2 × 2, MIMO 3 × 3, and MIMO 4 × 4. In Fig. 7, dif-
ferences between SISO and MIMO 4 × 4 capacity of 3.88, 
3.73 and 3.65 times are obtained in the street canyon envi-
ronment when angular phase shifts are used with isotropic 
and directional antennas and with horizontal separation. By 
comparing the results with and without angular phase shifts 
in Figs. 6 and 7, it can be noted that angular phase shifts 
increase average capacity 8.2 ⇒ 10.0 (21.9 %), 10.5 ⇒ 16.0 
(52.3  %), and 7.6 ⇒ 14.1 (85.5  %) in cases of isotropic, 
30-degree, and 10-degree directional antenna configurations 
in the street canyon. Hence, the best improvement occurs 
with the narrowest beam width which also offers the highest 
antenna gain, SNR, and bit rate.

Table 5 shows all Shannon MIMO 4 × 4 capacities of 
angular phase shifted configurations of the 0.5λ antenna 

Table  4 shows Shannon MIMO 4 ×  4 capacity results 
linked of spatially 0.5λ-separated configurations. The 
capacity results of isotropic and directive antenna configu-
rations are almost all at equivalent levels in the street can-
yon when vertical separations are used. Moreover, isotropic 
antenna configuration with horizontal separation yields only 
2.44 (7.1/2.9) times higher capacity in the marketplace due 
to a lack of strong multi path propagation. The correspond-
ing values of 1.79 and 1.79 times higher capacity compared 
to SISO were obtained for the directional antennas in the 
marketplace. It can be concluded that MIMO 4  ×  4 per-
formance is degraded when the number of reflections is 

Table 4  MIMO 4 × 4 capacities of different spatially separated con-
figurations and SISO 1 × 1 capacity as a reference

Isotropic 30 10
Street canyon 0.5λ horizontal 8.2 10.5 7.6

SISO 2.6 4.3 3.8
0.5λ vertical 6.4 8.7 7.9
SISO 2.7 4.4 3.8

Marketplace 0.5λ horizontal 7.1 8.8 8.8
SISO 2.9 4.9 4.9
0.5λ vertical 7.0 9.7 9.7
SISO 3.0 5.0 5.0

Fig. 7  Shannon MIMO 4 × 4 capacity of 1/2/3/4 angular phase shifts with 1/2/3/4 horizontally 0.5λ separated antennas in the street canyon (a–c)

 

Fig. 6  Shannon MIMO 4 × 4 capacity of four horizontally separated antennas in the street canyon (a-c)
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(95.8–56.6 %) can be obtained with angularly phase shifted 
channels compared to the configuration of only spatially 
separated antennas (16.0–0 %). This clearly higher utiliza-
tion of RANK 3–4 explains the higher MIMO 4 × 4 per-
formance. Furthermore, the available transmission rank is 
dependent on singular values of the channel matrix H(τ, t). 
In Fig. 9, the singular values of channel matrix H(τ, t) with 
MIMO 4 × 4 are illustrated in the street canyon scenario, as 
the UE moves along the track. Without angular phase shifts 
singular values are rather unevenly distributed, which leads 
to concentration of singular value magnitude in a few domi-
nating components, and consequently to a reduced trans-
mission rank. On the other hand, when using angular phase 
shifts, singular values are much more evenly distributed 
over the whole track, thus increasing probability for high 
rank MIMO transmission.

All the presented results are based on the use of one 
polarization, that is, having four uncorrelated channels 
at the same polarization and thus, allowing MIMO 4 × 4 
configuration. When the second orthogonal polarization is 
added, the result is a MIMO 8 × 8 configuration and almost 
double the capacity should be obtained compared to MIMO 
4 × 4 due to the orthogonality of the polarizations.

5  Conclusions and discussion

In this paper, four angularly phase shifted propagation chan-
nels were introduced for MIMO 4 × 4 purposes. With these 
angular phase shifts, cross-correlation levels of 0.01–0.44 
were achieved at the 28 GHz frequency band in small cell 

separations. The improvements are 21–93  % in the street 
canyon when compared to the results in Table 4. Vertical sep-
aration with angular phase shift results in a similar capacity 
to horizontal separation. Table 5 also shows 3.75, 3.51, and 
3.44 times more capacity between SISO and MIMO 4 × 4 
in the marketplace environment in cases of isotropic and 
directional antenna configurations. These improvements are 
53–95 %, also achieving the best performance with narrow 
beam widths. Hence, similar capacity improvements can 
be obtained in the marketplace environment to in the street 
canyon when angular phase shift is utilized.

MIMO 4  ×  4 performance was still analyzed in more 
detail by comparing RANK Indicators (RI) of spatially sep-
arated and angularly phase shifted configurations to see how 
many different antennas were used. Example of this com-
parison with 0.5λ horizontal antenna separations is shown 
in Fig. 8, where a much higher utilization of RANK 3 and 4 

Table 5  MIMO 4 × 4 capacities of different angular phase shifted con-
figurations and SISO 1 × 1 capacity as a reference

Isotropic 30 10
Street canyon Phase shift with 0.5λ hori-

zontal separation
10.0 16 14.1

Phase shift with SISO 2.6 4.3 3.8
Phase shift with 0.5λ verti-
cal separation

10.5 16.8 15.0

Phase shift with SISO 2.7 4.5 4.1
Marketplace Phase shift with 0.5λ hori-

zontal separation
10.9 17.2 17.2

Phase shift with SISO 2.9 4.9 5.0
Phase shift with 0.5λ verti-
cal separation

11.2 17.9 17.9

Phase shift with SISO 3.0 5.0 5.0

Fig. 8  SNR distributions for transmission of separate spatial layers 
when using 30 deg antennas with 0.5λ horizontal antenna separation 
in the street canyon scenario. The percentages in the legend indicate 

the availability of each layer transmission, and correspondingly the 
availability of used ranks
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significantly uncorrelated channels should be studied to find 
maximum MIMO N × N configuration for high frequency 
5G/6G systems. Additionally, the sensitivity of these phase 
shifted channels compared to very high modulations, such 
as QAM512/QAM1024, should be studied.
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LOS street canyon and marketplace environments, thus 
offering rather uncorrelated propagation channels. More-
over, the cross-correlations of these angularly phase shifted 
channels presents the theoretical potential of angular phase 
shifts improving MIMO capacity compared to spatially sep-
arated antenna configurations. This opportunity to increase 
capacity can still be extended to all polarizations and for 
both LOS and NLOS environments, even if only more 
advanced small cell LOS environments (5G/6G) were stud-
ied in this paper.

Angularly phase shifted propagation channels were 
used in MIMO system capacity calculations. The averaged 
results over 400 MHz bandwidth showed a 3.44–3.88 times 
increase in system capacity in the small cell LOS propaga-
tion channel when SISO was changed to MIMO 4 × 4. This 
capacity was even 95 % higher than the capacity with tradi-
tional spatial antenna separations. Moreover, the angularly 
phase shifted channels offered almost the same capacity 
with horizontally and vertically implemented antennas. The 
simulation results also showed the impact of a multi path 
environment, as well as the impact of walls and antenna 
radiation patterns, on the results. Directional antennas and 
the marketplace environment produced the lowest MIMO 
capacity in the case of spatial separation of antennas and 
thus, the biggest improvement was seen in these cases with 
angular phase shifts. The maximum capacity and maximum 
improvement were obtained in the case of angular phase 
shifts with directional antennas.

In future studies, a practical angular phase shifted 
transmission setup should be implemented and simula-
tion scenarios should be repeated with practical measure-
ments in different environments. The maximum amount of 

Fig. 9  Singular values of the channel matrix H(τ, t) as a function of traveled distance in horizontal plane, while considering the street canyon 
scenario with MIMO 4 × 4 and 0.5λ  horizontal separation. The shown singular values are normalized so that their sum equals one
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