
 

  

 

Aalborg Universitet

Millimeter Wave Multi-user Performance Evaluation Based on Measured Channels with
Virtual Antenna Array Channel Sounder

Mbugua, Allan Wainaina; Fan, Wei; Ji, Yilin; Pedersen, Gert F.

Published in:
IEEE Access

DOI (link to publication from Publisher):
10.1109/ACCESS.2018.2812304

Publication date:
2018

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Mbugua, A. W., Fan, W., Ji, Y., & Pedersen, G. F. (2018). Millimeter Wave Multi-user Performance Evaluation
Based on Measured Channels with Virtual Antenna Array Channel Sounder. IEEE Access, 6, 12318-12326.
https://doi.org/10.1109/ACCESS.2018.2812304

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1109/ACCESS.2018.2812304
https://vbn.aau.dk/en/publications/51503a71-dd5a-4529-910a-692449d1fc78
https://doi.org/10.1109/ACCESS.2018.2812304


1

Millimeter Wave Multi-user Performance Evaluation
Based on Measured Channels with Virtual Antenna

Array Channel Sounder
Allan Wainaina Mbugua, Wei Fan, Yilin Ji and Gert Frølund Pedersen

Abstract—Virtual antenna arrays are versatile and cost-
effective tools for millimeter-wave (mm-wave) channel char-
acterization. Massive sampling of the channel in space with
virtual antenna arrays enable high spatial resolution in channel
sounding. In this paper, a uniform cubic array (UCuA) is used
with a Vector Network Analyzer (VNA) to characterize an indoor
propagation channel. The power angle delay profile (PADP)
under line-of-sight (LOS) and obstructed-line-of-sight (OLOS)
scenarios are then extracted from the measurement data. The
analysis is extended to a multi-user scenario using a virtual
uniform rectangular array (URA) which acts as the base station
(BS) and with users under LOS and OLOS conditions. Results
show interference suppression with zero-forcing beamforming
(ZF-BF) performs well even in critical multi-user scenarios based
on the measured channels, i.e. a scenario with closely spaced users
in LOS conditions, and a scenario with a strong interfering user
and a weak desired user.

Index Terms—5G, channel sounding, millimeter wave, radio
propagation, virtual antenna array.

I. INTRODUCTION

The prospects of achieving 1000 times (1000x) fold data
rate increase for the fifth generation (5G) mobile network have
spurred a lot of interest in mm-wave bands where a large
contiguous bandwidth is available [1]. The small wavelength
at mm-wave frequencies allow the implementation of compact
antenna arrays and thus the path loss suffered at these bands
can be mitigated by the antenna array gain [2], [3].

The need for accurate characterization of mm-wave band
channels has led to intensive measurement campaigns in
recent years. The most popular channel sounding techniques
employed are VNA based virtual-array systems and sliding
correlation based systems. Sliding correlation systems employ
a pseudo-random noise (PN) sequence known both to the
transmitter (Tx) and receiver (Rx). This technique allows tether
free operation of the Tx and Rx, but on the other hand
increases the complexity of clock synchronization [4], [5].

The VNA is a relatively cheap tool for performing ultra-
wideband (UWB) channel sounding. This is accomplished
easily by performing a frequency sweep over the band of
interest. The Tx and Rx are connected by cable to the VNA,
from where the clock synchronization is handled thus reducing
system complexity. However, the cable connection of both
the Tx and Rx to the VNA results in a limitation of the
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measurement distance especially at mm-wave bands due to a
high signal loss in the cables. The measurement distance can
be increased by using optical cables [6] or downconverting the
signal at the Rx to a lower frequency to reduce the signal loss
in the cables [7].

Channel directional information can be obtained with the
VNA sounding technique by mechanically steering horn an-
tennas or electrical steering with virtual antenna arrays. The
drawback of using horn antennas is that the spatial resolution
is limited by the beamwidth of the antenna [8]. Virtual antenna
arrays, on the other hand, are easy to implement and have no
mutual coupling [9]. The drawback of virtual antenna arrays is
that the channel has to be kept static. Thus this method is not
applicable when Doppler information is required or in dynamic
propagation environments. Moreover, the measurement time
can scale up to several hours when the number of virtual
antenna array elements is massive.

The flexibility of virtual arrays means that arbitrary arrays
can be easily implemented. This reduces the cost of channel
measurement equipment and facilitates practical evaluation
of state-of-the-art techniques such as massive multiple-input
multiple-output (MIMO) at mm-wave [3]. In [8], [10], a virtual
uniform circular array (UCA) is used since the beam pattern
is uniform in the azimuth plane. However, the UCA suffers
joint sidelobes in delay and angle domain when using the
Bartlett beamformer. The sidelobes problem is mitigated by the
use of a frequency invariant beamforming algorithm in [11].
Although this algorithm reduces the sidelobes, the sidelobes
of the LOS component are not suppressed sufficiently. A
virtual UCuA enables massive sampling of the channel in
the spatial domain resulting in high three-dimensional (3D)
directional resolution. In [12], [13], the UCuA is shown to
provide unambiguous directional information with significant
sidelobes suppression when using the Bartlett beamformer.

5G is expected to offer great service even in crowded
scenarios [14], [15]. These propagation scenarios are chal-
lenging due to channel similarities for the users. The spa-
tial separation of users in such scenarios becomes critical
for interference-free communication. Massive MIMO can be
leveraged in these situations to mitigate the interference among
the users. The attractive features of massive MIMO at mm-
wave bands, like the near optimal performance of sub-optimal
linear precoding schemes have been mainly investigated in
theoretic analysis via numerical analysis which clearly lacks
the support of practical channel sounding measurements. To
bring this technique from theory to practice we must ask
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to what extent the theoretical analysis can be maintained
in realistic propagation environments. Though the theoretical
analysis is mature few measurement campaigns have been
reported for mm-wave bands. The measurements reported in
literature are mainly for sub-6 GHz bands [16], [17]. However,
there are distinct differences in the mm-wave bands and the
sub-6 GHz bands, with the former exhibiting channel sparsity
and directivity [8], [18]. This work bridges the gap between
the theoretical analysis and real-world performance of zero-
forcing (ZF) precoding, with a focus on critical multi-user
scenarios.

The spatial-temporal characteristic of the channel is first
obtained using a VNA based virtual UCuA. Two critical multi-
user scenarios are then investigated with the aforementioned
channel sounding method and a virtual URA. In the first case
the users are closely spaced with a dominant LOS component
and in the second case, the targeted user is weak with a strong
interferer, which mimics the case where cell-edge users suffer
interference from users close to the BS.

The rest of the paper is organised as follows: In section
II the measurement system and the measurement scenario are
presented. Section III outlines the classical beamforming ZF-
BF and algorithms used in the analysis of the data and the
results are then demonstrated in section IV. Finally, section V
concludes the paper.

Notation: (·)† is the pseudo-inverse, (·)H is the conjugate
transpose (Hermitian), (·)−1 inverse. (·)⊥ is the orthogonal
complement. ‖·‖F is the Frobenius norm. Matrices are denoted
by boldface uppercase letters whereas vectors are denoted by
lowercase boldface letters. λ denote the wavelength.

II. MEASUREMENT SETUP

A. Measurement System

The VNA utilized in the measurement campaign is Keysight
PNA N5227A. The measurement was carried out at a center
frequency of 28 GHz with 1500 frequency points and a
bandwidth of 4 GHz. Thus a delay resolution of 0.25 ns was
obtained. The VNA intermediate frequency (IF) bandwidth
was set to 0.5 kHz so as to increase the dynamic range of the
system at a cost of increased sweep time. With these VNA
settings, a frequency sweep time of 2.89 s was obtained. The
Tx power at port 1 of the VNA is set to 11 dBm.

Precision linear positioning stages (Physik Instrumente PI
M-415.DGX) are used to create virtual antenna arrays used
in the measurement campaign by moving the Tx antenna to
predefined positions as shown in Fig. 1. This was automated
with Python PyVisa instrument control library. The length of
the linear positioning stages is 15 cm for the X and Y axes,
and 5 cm for the Z axis.

The Tx antenna is a vertically polarized biconical antenna
with a frequency range of 1.5 GHz to 41 GHz [19]. The Rx
antennas (AINFO-SZ-2003000/P) are also vertically polarized
biconical antennas with a frequency range of 2 GHz to 30
GHz. The antennas have an omnidirectional pattern in the
azimuth plane. The antennas are placed at a height of 1.47
m above the floor which is approximately half the distance
between the floor and the ceiling.

Fig. 1: Measurement Setup.

The VNA was given a warm-up time of at least 30 minutes,
then a back to back calibration procedure is carried out before
conducting measurements. The virtual antenna array inter-
element distance d was set to 0.414λ at 30 GHz to avoid
grating lobes in the array pattern. Massive sampling in space
is carried out and a total of (30×30×10) points are recorded
for the UCuA with the origin of the coordinate system (0, 0, 0).
In the case of the URA, a total of (30×10) points are
recorded. This resulted in a virtual UCuA of electrical length
12λ×12λ×4λ at 30 GHz (0.414λ× 29 = 12λ) and a virtual
URA of electrical length 12λ×4λ at 30 GHz. During this time
period, the environment is kept static. The measurement setup
is illustrated in Fig. 1.

B. Measurement Scenario

The measurement campaign was carried out in a 36 m2

kitchen/meeting room as shown in Fig. 2 and Fig. 3 where
most of the furniture had been removed. This room was chosen
since a static environment could be maintained for the entire
duration of the measurement campaign. The two walls where
the windows are located are made of concrete while the other
two walls are made of plasterboard. A metallic whiteboard is
fixed on the concrete wall behind the antenna Rx1 in Fig. 2a.

1) Channel sounding: For channel sounding analysis the
UCuA is used where one Rx antenna is placed in LOS and
the second Rx antenna is placed in OLOS. The OLOS scenario
is created by placing a 0.74 m2 copper plate raised 1 m
above the floor using an aluminum ladder to block the direct
paths between the Tx and one Rx antenna. The two cases are
illustrated in Fig. 2.

2) Multi-user Scenario: For the multi-user scenario, the
URA is used instead of the UCuA due to time constraint. The
URA which mimics a BS is located along the YZ plane. Two
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(a) View from the Tx antenna.

(b) View from the Rx antennas.

Fig. 2: Measurement scenario photos. Rx1 and Rx2 are the
antennas for the LOS and OLOS respectively.

cases are investigated, with the first case having one user in
LOS conditions while the second user is in OLOS conditions
as shown in Fig. 2. The second case is where the two users
are both in LOS conditions but with different user spacing as
shown in Fig. 3. The two users are denoted as mobile station
(MS)1 and MS2 respectively. MS1 is always fixed at location
A while MS2 is placed at each of the four locations (A, B, C,
and D). The four locations are in a line parallel to the URA.
The MS separation distance is increased progressively by 0.5
m (50λ at 30 GHz) from location A to D.

III. SPATIAL-TEMPORAL CHANNEL CHARACTERISTIC

The spatial-temporal characteristic of the channel is ob-
tained using the classical beamforming algorithm which is
chosen for its simplicity and robustness.

A. System Model

Let the UCuA be made of L elements in the x-axis M in
the y-axis and N in the z-axis with an inter-element distance
of 0.414λ for all the axes. The origin of the coordinate system
(0, 0, 0) is taken as the reference.

The channel frequency response at the origin H(f) can thus
be obtained as:

(a) Location A. (b) Location B.

(c) Location C. (d) Location D.

Fig. 3: Measurement scenario photos for the multi-user sce-
nario in LOS conditions. One Rx antenna is fixed at location
A, while the second Rx antenna is moved to the four loca-
tions(A,B,C and D).

H(f) =

K−1∑
k=0

αke
−j2πfτk (1)

where τk and αk are the delay of the k-th path and the complex
amplitude respectively.

The time taken by the k-th plane wave whose angle of arrival
(AOA) is (θk, ϕk) to reach the element l,m, n with respect to
the origin is given as:

τkl,m,n(θk, ϕk) = −
pl,m,n · û(θk, ϕk)

c
(2)

Here we have defined pl,m,n as the position vector of the
element l,m, n which is given as:

pl,m,n =

 d(l − 1)
d(m− 1)
d(n− 1)

 (3)

û(θk, ϕk) - the unit vector in the direction (θk, ϕk) which is
defined as:

û(θk, ϕk) =

sin(θk) cos(ϕk)sin(θk) sin(ϕk)
cos(θk)

 (4)

where (·) is the dot product, c is the speed of light and d is
the array inter-element distance.

The frequency response of each element Hl,m,n(f) is
simply H(f) shifted in phase [8] as:

Hl,m,n(f) =

K−1∑
k=0

αke
−j2πf(τk+τkl,m,n ) (5)
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The l,m, n element frequency response can be aligned to the
reference element using the respective complex weight wl,m,n,
and thus the array frequency response is obtained as:

H(f, θ, ϕ) =
1

L

1

M

1

N

L−1∑
l=0

M−1∑
m=0

N−1∑
n=0

wl,m,nHl,m,n(f) (6)

The complex weight for the l,m, n element, wl,m,n is defined
as:

wl,m,n = e
−j2π
λ pl,m,n·û(θk,ϕk) (7)

Finally, the spatial-temporal response is obtained by taking the
inverse fast Fourier transform (IFFT) of the array frequency
response.

h(τ, θ, ϕ) =
N−1∑
n=0

H(fn, θ, ϕ)e
j2πfnτ (8)

where fn is the n-th frequency bin.
The spatial-temporal for the URA can be obtained in a

similar way by considering M elements in the y-axis and N
elements in the z-axis and modifying eq. (6).

B. Multi-User Propagation Channel

The multi-user propagation channel in this analysis is mod-
eled as a single-cell, where the BS consists of K antennas serv-
ing M single-antenna users. Considering a single frequency
which in this analysis is the center frequency, the channel
matrix H∈ CM×K can be represented as:

H =

 h11 . . . h1K
...

. . .
...

hM1 . . . hMK

 =

 h1

...
hM

 (9)

In this analysis, ZF precoding is employed at the BS
downlink. The ZF precoding scheme basically works on the
principle of channel inversion, to null the interfering user,
that is, the interfering user is projected onto the orthogonal
complement of the desired user [20]. The shortcomings of
ZF are manifested when user-channels are non-orthogonal.
Assuming that at the BS, we have a total transmit power
constraint, then there will be a trade-off between the achievable
nulling of the interference and power allocated to the users
[21], [22]. The orthogonal projection of user m denoted as
Πm is given as:

Πm = h†mhm (10)

h†m is the pseudo-inverse of the user m channel hm which is
given as:

h†m = hHm(hmhHm)−1. (11)

The interference from user j can be nulled by projecting its
orthogonal projection Πj onto the null space of user m:

Π⊥m = I−
M∑

j=1,j 6=m

Πj (12)

where I is a K×K identity matrix and j ∈ [1, · · · ,M ] ∀j 6= m
is the interfering user. The ZF-BF vector for user m, wm ∈
CK×1 can be generated from Π⊥m as:

wm =
Π⊥Hm hHm∥∥∥Π⊥Hm hHm

∥∥∥
F

(13)

The power azimuth profile (PAP) with ZF-BF can then be
obtained as in eq. (6) and substituting the antenna element
frequency response with the corresponding channel coefficient
from eq. (13).

IV. RESULTS

A. Channel Directional Analysis

In this analysis, a dynamic range of 30 dB is considered for
the UCuA and 25 dB for the URA since the URA has a higher
sidelobe level compared to the UCuA as was also observed in
[12].

The virtual UCuA provides high resolution directional in-
formation with a low sidelobe level as shown in Fig. 4 and
Fig. 5 for the LOS and OLOS scenario respectively. In both
scenarios, the mm-wave channel is sparse and characterized by
a few multipath components (MPC)s which is also observed in
[8] at 28 GHz and in [12] at 60 GHz. The MPCs are due to first
order and second order reflections. A power difference of 9 dB
is observed between the LOS and the second most significant
MPC. In the LOS and OLOS scenarios, the significant MPCs
are within a delay range 40 ns which corresponds to a distance
of 12 m. A combination of several factors contributed to
this observation. First, a reduction in the dynamic range of
the measurement system due to signal loss in the cables
rendered the diffuse component indistinguishable from the
noise. Secondly, one of the walls behind the Tx antenna was
made of plasterboard hence the reflected power is lower. The
narrow elevation pattern of the Tx and Rx could have been
another factor that resulted in this observation and finally,
the higher free space attenuation of mm-wave resulted in a
limitation of the propagation distance of the MPCs.

Fig. 4: PADP for the LOS scenario. Color bar units in dB.

A relation of the identified paths and the room geometry
is shown in Fig. 6. This relation is obtained by considering
the AOA and delay information of the MPCs. Path 6 and
7 are the first and second order reflections of the LOS
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Fig. 5: PADP for the OLOS scenario. Color bar units in dB.

component respectively and are due to the whiteboard shown
in Fig. 2. Significant MPCs, path 5 and path 3 are reflections
from the concrete wall and the dishwasher, respectively. The
plasterboard wall contributes to path 2, which has significantly
lower power compared to path 5 from the concrete wall. The
path trajectories for the OLOS scenario are shown in Fig. 6
by the dashed line. The first MPC, path 1 is a reflection from
the concrete wall in addition to path 5 which is a second order
reflection on the concrete wall and the dishwasher. Specular
reflection is thus seen to be the dominant propagation mech-
anism in the mm-wave frequency band in this propagation
scenario which is similar to observations made for the mm-
wave band centered at 70 GHz in [23].

The elevation angle estimates for the LOS and OLOS are
shown in Fig. 7 and Fig. 8 respectively with path labels
corresponding to the identified paths in Fig. 4 and Fig. 5. The
dominance of the LOS component can be observed in this case
too where most power is concentrated on path 1 in Fig. 7. This
is observed also in the first order and second order reflected
MPCs of the LOS component, path 4 and 7. Path 6 in Fig. 4
which is a first order reflected component of the LOS is not
indicated in Fig. 7 since it has an AOA of 180 degrees like
the LOS component and therefore cannot be identified in the
elevation domain. For the OLOS, the AOA of the significant
MPCs are in the azimuth angle range between 100 degrees
and 240 degrees as shown in Fig. 8. The lower power of the
MPCs resulted in the observed noise components in Fig. 8.

In the LOS and OLOS scenarios, all the paths are in the
90-degree plane. This is as a result of the narrow elevation
beam pattern of the antenna which acts as a spatial filter
and the fact that the antennas were placed on the same
height above the floor. The low resolution in the elevation
domain is due to the limited antenna aperture in the z-axis.
Despite the low resolution in the elevation domain the UCuA
provides un-ambiguous spatial resolution of the channel which
is fundamental for the analysis of the multi-user case in section
IV-B.

B. Multi-user Scenario

1) Users in LOS condition with different spacing: The
spatial-temporal characteristics of the multi-user scenario in
the LOS case with different user spacing are shown in Fig.

Fig. 6: Trajectory of the MPCs in relation to the room
geometry for the LOS and OLOS scenario. The dashed lines
represent the MPCs corresponding to the OLOS scenario.
Dimensions are in millimeters.

Fig. 7: Elevation and azimuth power angle spectrum for the
LOS scenario. Color bar units in dB.

9. The elevation angles are not shown in this analysis since
the AOA of the LOS and the MPCs are concentrated on the
90-degree plane as was shown in section IV-A. A relation of
the identified paths to the room geometry is shown in Fig. 10.
The LOS components for the two users at location A have
very similar delay and angle profiles. The MPCs at location A
also show a similar trend. This is because the two users share
the same scatterers. At location B where user spacing is 0.5 m
(50λ at 30 GHz) the LOS components for MS1 and MS2 are
separated by about 9 degrees in the spatial domain as shown
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Fig. 8: Elevation and azimuth power angle spectrum for the
OLOS scenario. Color bar units in dB.

by path 1b in Fig. 9. As the user spacing is increased the LOS
component for the two users are separated both in spatial and
delay domain as shown by path 1d. This is because the distance
from the BS to location D is slightly longer compared to the
distance to location A.

It can be observed from Fig. 9, that users share the same
scatterers at the four locations. The whiteboard is the most
significant scatterer as shown by path 5 which is a first order
reflection of the LOS component. Path 6, which is a second
order reflection of the LOS component is also contributed
by the whiteboard and the plasterboard wall behind the Tx.
The plasterboard wall, in addition, is the shared scatterer that
contributes to the path 3 which is a first order reflection of
the LOS component. Path 4 which is a first order reflection, is
also from a shared scatterer which is the concrete wall shown
in Fig. 10. The ray death for the first order and second order
reflection of the LOS component can be seen at location D
where the MPCs for path 5 and 6 are not present.

The PAP at the center frequency with ZF-BF is shown in
Fig. 11 for the four multi-user locations under LOS conditions.
The azimuth angle resolution is limited to the half-space
between 90 degrees and 270 degrees as illustrated in Fig. 10
due to the ambiguity of the URA. The field pattern distribution
in Fig. 12 is obtained similarly for the half-space between 90
degrees and 270 degrees whose coordinates are given in units
of λ at 30 GHz. In this case MS2 is the target user and MS1
the interfering user. The ZF-BF weights for MS2 are used to
steer the beams to MS2 and setting nulls in the direction of
the interferer MS1.

At location A, where MS1 and MS2 are closely located, the
ZF-BF performs fairly well in reducing the interference for the
LOS component as demonstrated in Fig. 11a. In addition, the
narrow beam pattern due to the higher number of antennas
implies that there is improved spatial separation of the users
as shown in Fig. 12a. However, at this location, the non-
orthogonality of the user channels implies that there is a power
penalty due to the transmit power constraint. This can be
observable in Fig. 11a where the power of the LOS (path
1a) is reduced almost to the level of the power of the path
2a. The same observation is made in the field pattern shown
in Fig. 12a, where the power of the LOS component is lower

Fig. 9: Power azimuth delay profile at the four user locations.
The users are in LOS conditions. Colour bar units in dB.

compared to the LOS component at the location B (path 1b),
C (path 1c), and D (path 1d) as shown in Fig. 12b, 12c, and
12d respectively.

At location B, the signal power level of the LOS component
to MS2 is significantly increased compared to location A as
shown in Fig. 12b. This is due to improved user channel
orthogonality as a result of the increased user spacing hence
the channels are decorrelated thus reducing the power penalty
incurred in nulling the interference as compared to when the
MSs are placed in location A. At location C, the significant
MPCs to MS2 are fewer as shown in Fig. 12c. This is due
to the ray death as MS2 is moved further from the significant
scatterers like the whiteboard.

The sparsity of the channel as shown in Fig. 4 implies that
the degrees of freedom (DoF) is reduced. The DoF is reduced
further when the MPCs share scatterers. In this propagation
scenario, scatterer sharing can be seen have some detrimental
effect on the performance of ZF-BF interference mitigation
for the MPCs.

2) Users in LOS and OLOS: In this multi-user scenario,
MS2 is the target and MS1 is the interferer. The user channel
for MS2 (in an OLOS condition) is highly attenuated relative
to the user channel for MS1 (in LOS condition) as outlined
in section IV-A. In this case, ZF-BF is used to suppress a
strong interferer MS1 and focus the signal energy to the weak
targeted user MS2. The field distribution pattern is shown in
Fig. 13a. It can be seen that power is steered to the MPCs
associated with MS2. The PAP for MS2 in Fig. 13b shows that
interference-free communication can be established through
paths 1, 2, 4, and 5.

The performance degradation due to user channel similarity
is not present in this case. This is because the different location
of MS1 and MS2 reduces the number of the common scatterers
and thus the DoF is increased. Nulling of the interfering user
does not thus result in the power penalty observed in Fig. 12a.
This implies the weak user MS2 can have interference-free
communication.
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Fig. 10: Trajectory of MPCs in relation to the room geometry
for the multi-user scenario in LOS conditions. Propagation
paths to each location are represented by different lines as
shown in the legend. Dimensions are in millimeters.

V. CONCLUSION

In this paper, high resolution mm-wave channel directional
information was obtained using a virtual UCuA. The channel
is shown to be sparse with few specular MPCs. Measured
multi-user channels using a virtual URA are then analyzed.
The effects of the propagation channel impairments on the
achievable interference suppression are then demonstrated for
critical multi-user scenarios. A large number of BS antennas
is shown to be vital in reducing interference from two per-
spectives: first by simplifying processing at the BS, where
nulling is achieved using linear precoding in the downlink at
the BS and secondly by focusing the beam to the target user
and thus increasing the spatial DoF. When user channels are
ill-conditioned, spatial separation is still achievable. However,
with a total transmit power constraint, nulling the interference
with ZF-BF results in lower signal levels to the targeted user.
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(a) Location A.

(b) Location B.

(c) Location C.

(d) Location D.

Fig. 11: PAP with ZF-BF at 28 GHz for MS2 in comparison to
the PAP for MS2 and MS1 without ZF-BF. The MPCs labels
correspond to paths identified in Fig. 9.
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(a) MS2 location A.

(b) MS2 location B.

(c) MS2 location C.

(d) MS2 location D.

Fig. 12: Field Pattern Distribution for LOS case. MS2 is the
targeted user while MS1 is the interfering user. x and y denote
the location coordinates with units λ and the color bar units
in dB.

(a) Field pattern distribution with MS2 the target user
and MS1 the interfering user. x and y denote the
location coordinates with units λ and the colour bar
units in dB.

(b) PAP with ZF-BF at 28 GHz for MS2 in comparison
to the PAP for MS2 and MS1 without ZF-BF.

Fig. 13: ZF-BF with MS2 as the weak targeted user and MS1
as the strong interferer. The MPCs labels correspond to paths
identified in Fig. 5.
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