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Abstract The 60GHz unlicensed frequency band has been adopted to support high data rate
WLAN applications. The problem of this frequency band is that the wireless signal is vul-
nerable to the shadowing of objects. Especially in indoor scenarios, humans may frequently
block the signal paths that cause disconnections of devices. This problem can be mitigated
by using multiple antennas that can create rich signal paths between the devices. The idea
presented in this paper is to employ a distributed antenna system (DAS) architecture enabled
by radio-over-fiber technology to alleviate the shadowing problem. In the DAS architecture,
multiple remote antenna units (RAUs), each of them equipped with an antenna array, are
connected with the sameWLAN access points via optical fibers. But there are questions that
need to be answered, including the beamforming strategy with multiple RAUs, and the place-
ment and the required number of the RAUs. These questions are related to factors like room
size, population density, etc.We discuss these questions in this paper and present our findings
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through theoretical models and extensive simulations, which can be referred to for practical
implementations. We find that the proposed 60GHz DAS can significantly improve the link
connectivity. Even when only two RAUs are used, the signal coverage can be improved to
an acceptable percentage in heavy shadowing scenarios.

Keywords 60GHz · Beamforming · Radio-over-fiber · Shadowing · WLAN

1 Introduction

Recently, the 60GHz unlicensed band has been adopted to support emerging short-range and
high data rate WLAN applications like uncompressed video streaming, high-speed file trans-
fer, high-definition wireless display, etc. These applications produce data traffic in the order
of multi-gigabits per second, which is difficult to achieve in the congested low WLAN fre-
quency bands like 2.4 or 5GHz. On the contrary, there is a 5GHz continuous spectrum block
globally available in the 60GHz band [1]. This suggests that gigabits per second communi-
cation can be achieved even when simple modulation schemes are applied. The signals in this
high frequency band experience strong path loss which limits the communication distance
to a few meters [2]. This characteristic makes the 60GHz band suitable for indoor networks
where most of the high data rate applications are presumed to be located. An important issue
of 60GHz communication is that the signal is susceptible to the blockage of obstacles like
humans and walls due to its short wavelength [3]. Therefore, 60GHz communication is usu-
ally constrained to line-of-sight (LOS) condition. Especially in indoor scenarios, walking
humans may frequently block the wireless links, which generates more problems than stable
objects. It is reported that the human body can attenuate the signal by more than 20dB [4],
which is hard to overcome by using only beamforming techniques, particularly when consid-
ering power regulations and potential health consequences. For instance, it has been shown
in [4] that the channel is thus unavailable for about 1–2% of the time in the presence of one
to five persons in a room.

Several approaches have been reported in the literature for alleviating the shadowing effect
of humans. One practical solution is to transport the signals through reflective paths induced
by large surfaces like walls. Although the reflective paths will introduce more attenuation,
typically 15–20dB [5] or even lower for some reflective materials [6], beamforming may be
used to compensate this loss. But there is also the possibility that no reflective paths can be
found since the reflections strongly depend on the physical environment, like the reflectivity
of the walls and furniture. So, [7] proposes to place artificial metal reflectors on the walls
to create more reflections. It is claimed that the connectivity can be significantly boosted by
placing a few reflectors at optimized positions. Another promising approach is to use relays
to forward the signals of the blocked devices to the destination which is reported in, e.g. [8].
For WLAN, multiple access points (APs) can be used to cover the same area, such that the
mobile stations (STAs) can find alternative APs when experiencing a blockage [9] proposes
to place a few synchronized APs to serve the same room and shows that the visibility can be
improved sufficiently with two APs. A similar method was recently presented in [10], but
alternatively it uses a central controller to select the best visible AP to continue the blocked
transmissions. Due to the lack of channel information at the controller, the selection has to
be done based on packet transmission failure reports from the APs. As stated in the paper,
this may cause additional delay to the packet delivery.

Besides these techniques, a new promising approach that we propose in this paper is to
exploit spatial diversity. Spatial diversity can increase the robustness of the wireless link
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by taking advantage of the spatial separation of multiple antennas, which is also applicable
for 60GHz communication. 60GHz link mandates LOS paths, as opposed to the lower fre-
quencies that can also count on non-line-of-sight (NLOS) paths. So, the antennas need to be
separated by an adequate distance which should be much larger than the carrier wavelength,
such that the multiple transmitters can have different shadowing properties. As pointed out in
[9] which addresses multi-AP diversity, this distance needs to be as large as several meters.
A similar requirement holds for the spacing of antennas for spatial diversity against shad-
owing effect. This requirement makes the spatial diversity approach less feasible for devices
that are constrained in size like cell phones, than for large devices like TV sets. However,
for WLAN access network design, this limitation is less important. Particularly, distributed
antenna systems (DASs) are already employed for the lower frequency WLANs [11,12],
where the antennas of an AP are placed far apart. The same architecture can be employed
for 60GHz WLAN. The difference would be the high frequency and large bandwidth of the
60GHz signal. So optical fiber is more suitable than other wired mediums like coax cable,
for connecting the remote antenna units (RAUs) with an AP, thanks to its huge bandwidth
and low loss [13]. The way of transporting radio signals via optical fiber is termed radio-
over-fiber (RoF) [14]. In comparison with other anti-blockage approaches, DAS architecture
has the advantages of:

– No coordination cost for controlling the additional antennas while this is usually necessary
for relaying schemes and multi-AP diversity

– More LOS paths can be provided instead of NLOS paths that have larger power loss

The contribution of this paper is to examine the DAS concept in 60GHz WLAN for
mitigating the shadowing problem. This involves building theoretical models and conducting
extensive simulations to investigate the beamforming approaches with multiple RAUs, and
the placement and the necessary number of RAUs. The rest of the article is organized as
follows: Section 2 introduces the RoF based DAS system for 60GHzWLAN communication
and derives the mathematical beamforming model. Section 3 describes the 60GHz physical
channel model and its simulation. Section 4 presents the setup of our simulations. The results
and discussions are given in Sect. 5. Section 6 concludes the paper.

2 System Model

In this section, we will describe the RoF network and derive the mathematical beamforming
model of the 60GHzDAS. The concept of RoF for indoor networking has been demonstrated
in, e.g. [12,15]. Due to the small scale of indoor scenarios, the required fiber lengths are
usually in the order of hundreds of meters. Therefore, the signal quality loss, like the SNR
drop of the radio signal is marginal in comparison with the wireless channel. Thus, it is
ignored in this paper. One can consider the RoF link between the RAUs and the AP as an
ideal wired connection.

2.1 RoF System for 60GHz WLAN

The RoF system for 60GHz WLAN communication is depicted in Fig. 1. It is intended
to provide wireless access for the whole indoor area. As mentioned previously, 60GHz
communication is isolated by the walls, which makes it necessary to deploy at least one RAU
in each room. Multiple WLAN APs are are co-located in the Central Station (CS). The APs
are connected with the RAUs through the radio-optical interface and the optical network. The
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Fig. 1 An radio-over-fiber based distributed antenna system for 60GHz WLAN
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Fig. 2 Beamforming model of distributed antenna system

function of the radio-optical interface is to convert the signals between electrical and optical
domains such that the radio signals can be transported between the APs and RAUs through
the optical network (e.g. with a star topology [15]). As proposed in this paper, multiple RAUs
are connected with the same AP for a single room to mitigate the human shadowing effect.
E.g. two RAUs are deployed in Room 1 in Fig. 1. This results in the aforementioned DAS
architecture [16]. Since beamforming is needed to enhance the signal strength for extending
the signal transmission range, each RAU is equipped with multiple antennas, i.e. an antenna
array. These RAUs can be utilized in different ways. In this paper, we consider two strategies:
blanket transmission and selective transmission. In blanket transmission, all the RAUs are
used for transmitting signals; while only the RAU that gives the best signal quality is used
in selective transmission.

2.2 Beamforming Model of Distributed Antenna System

Wederive the beamformingmodels by focusing on theDASof a singleAPwhich is illustrated
in Fig. 2 in the form of a MIMO system. Assume that there are K RAUs deployed in a
room. Each RAU has a planar antenna array with a total of M antenna elements arranged
on a rectangular grid with equal spacing along both x and y dimensions. We assume half
wavelength spacing in both dimensions. Denote the number of antenna elements in the two
dimensions with Mx and My , respectively, and M = Mx × My . The mobile stations are
assumed to have the same configuration with N antenna elements in a single antenna array.
The wireless signal uses OFDM modulation with L subcarriers and a total bandwidth of B.

2.2.1 Blanket Transmission

For blanket transmission, all theRAUs are used in beamforming. The sum transmission power
of all RAUs is fixed and is equally allocated to all subcarriers. The following derivations are
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given with unit sum transmission power. The complete channel matrix of the lth subcarrier
between the K RAUs and the STA is expressed as

Hl =
[
H(0)

l ,H(1)
l , . . . ,H(K−1)

l

]
(1)

which is a N × KM matrix. And each element H (k)
l is the channel matrix of the kth RAU

and the STA of size N × M . So, the received signal of the lth subcarrier at the STA is

yl = Hlw
xl√
KM

+ nl (2)

where xl is the symbol transmitted on the lth subcarrier with unit power, i.e. E(|xl |2) = 1.
nl is the N × 1 Gaussian noise vector with zero mean and E(nlnH

l ) = δ2I. w is the transmit
beam steering vector for all the antenna elements at the K RAUs, which satisfies

wHw = KM (3)

such that the total transmission power is normalized to 1, i.e. E
(
|w xl√

KM
|2

)
= 1. Each

component of w is a complex number that modifies both the amplitude and phase of the
signal. The transmission power of the RAUs is therefore controlled according to the channel
states. The decision variable after receive beamforming is then given by

rl = cHyl = cHHlw
xl√
KM

+ cHnl = Hc,w[l] xl√
KM

+ cHnl (4)

where c is the beamforming vector at the receiver side and cH c = N ; Hc,w[l] = cHHlw is
the effective channel gain after beamforming. Then, we can obtain the noise power of the lth
subcarrier as

E

(∣∣∣cHnl
∣∣∣
2
)

= Nδ2 (5)

The SNR of this subcarrier is

SNRl,blanket(c,w) =
E

(∣∣∣Hc,w[l] xl√
KM

∣∣∣
2
)

Nδ2
= |Hc,w[l]|2

KMNδ2
(6)

To achieve the highest SNR, we need to find the beamforming vectors,w and c, to maximize
the effective channel gain Hc,w[l]. Ideally, the beamforming vectors can be optimized for
each subcarrier. Assuming perfect channel knowledge, these vectors can be found through
singular value decomposition (SVD) of the channel matrix Hl [16]. That is, the channel
matrix of the lth subcarrier is first decomposed into

Hl = UlDlVH
l (7)

whereUl andVl are unitary matrices of size N ×N and KM×KM , respectively, andDl is a
N × KM matrix with the ( j, j)th element, denoted by λl, j for j = 1, 2, . . . ,min(N , KM),
being the singular values and the other elements are zero, and λl, j = λl,k for j > k. Then,
the optimum beamforming vectors are derived as

c = √
Nul,1, w = √

KMvl,1 (8)

where ul,1 and vl,1 are the first column of Ul and Vl . Finally, the maximum SNR can be
obtained as

γl = max
c,w

|cHHlw|2
MNδ2

= |λl,max|2
δ2

(9)
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Since each subcarrier may have a different SNR, the average SNR should be taken as the
link performance. We employ in this paper the exponential effective SNR mapping (EESM)
scheme which is widely adopted, like in [16,17], to characterize the OFDM signal quality.
The relation between the effective SNR and the SNR of the subcarriers is expressed as [18]

γeff = −β ln

(
1

L

L−1∑
l=0

exp

(
−γl

β

))
(10)

where β is a parameter depending on the modulation and coding scheme (MCS). The values
of β can be found in [18] and it is set to two in this paper, which is a typical value for QPSK
signaling.

2.2.2 Selective Transmission

In selective transmission, the RAUwith the best channel condition is used to transmit signals
with full power. For example, if the kth RAU is chosen, the received symbol of the lth
subcarrier after beamforming is given by

r (k)
l = cHH(k)

l w
xl√
M

+ cHnl = H (k)
c,w[l] xl√

M
+ cHnl (11)

So the SNR of the received signal is

SNR(k)
l = |H (k)

c,w[l]|2
MNδ2

(12)

The optimum beamforming is performed by using the following beamforming vectors

c = √
Nu(k)

l,1 , w = √
Mv(k)

l,1 (13)

where u(k)
l,1 and v(k)

l,1 are the first columns of U(k)
l and V(k)

l , which are derived from the SVD

of H(k)
l , i.e. H(k)

l = U(k)
l D(k)

l V(k)
l . Then, the maximum SNR of the lth subcarrier using the

kth RAU is derived as

γ
(k)
l =

∣∣∣λ(k)
l,max

∣∣∣
2

δ2
(14)

And the effective SNR is thus expressed as

γ
(k)
eff = −β ln

(
1

L

L−1∑
l=0

exp

(
−γ

(k)
l

β

))
(15)

Then, the RAU with the highest effective SNR is selected, i.e. the effective SNR of selective
transmission is given by

γeff,selective = max
k

γ
(k)
eff, k = 0, . . . K − 1 (16)

The above derivations of beamforming are based on the assumption that the wireless
channel is known at both the transmitter and the receiver side. Normally, the transmitter can
send probing signals to the channel and then the receiver calculates the channel information
and feeds it back to the transmitter. Due to the large overhead of the feedback procedure,
perfect channel knowledge is usually not available in practice. However, we would like to
elucidate the potential of 60GHz DAS, so full channel knowledge is assumed for the analysis
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to get more general results. For a practical beamforming approach, one can refer to other
studies like [17,19], which use limited channel information feedback or codebook based
beamforming.

3 60GHz Channel Model and Simulation Method

The beamforming models introduced in the last section require the channel information of
all antenna pairs at arbitrary positions. It is necessary to simulate 60GHz channels in a 3D
space so as to incorporate factors like the physical position of the RAUs and the shadowing
effect of humans, which have significant impact on the wireless channel. Because of the
physical characteristics of 60GHz signal, the wireless channel simulation is different from
the lower frequencies. This section will describe the 60GHz mathematical channel model
and our simulation method based on 3D ray tracing, which should give acceptable accuracy.

3.1 60GHz Channel Model

In the lower WLAN frequency bands like 2.4 and 5GHz, the wireless channel models are
usually separated into large scale and small scale fading models. However, this approach
is not applicable for 60GHz due to the application of high directional steerable antennas or
beamforming algorithms, which leads to the filtering out of a single cluster of the propagation
channel [20]. The path loss and channel impulse response (CIR) significantly depend on the
characteristics of this cluster, which in general does not allow developing independentmodels
for them. In this paper, we use a general discrete-path channel model, which characterizes
the signal paths or rays with parameters including the path gain, the time delay, the angle of
arrival (AoA), and the angle of departure (AoD). This allows us to examine the performance
of beamforming at both the transmitter and the receiver sides. The 3-dimensional CIR model
is given as follows and is also depicted in Fig. 3.

h(t, ϕt , θt , ϕr , θr ) =
L−1∑
l=0

αlδ(t − τl)δ(ϕt − ϕt,l)δ(θt − θt,l)δ(ϕr − ϕr,l)δ(θr − θr,l) (17)

where αl is the complex gain (including amplitude and phase) of the lth path with AoD
[ϕt,l , θt,l ], AoA [ϕr,l , θr,l ], and time of arrival (ToA) τl . The term δ(·) represents the Dirac
delta function. ϕ represents the elevation angle which is in the range of [−π/2, π/2]; θ is
the azimuth angle in the range of [0, 2π ]; L is the number of multipath components. Notice

Fig. 3 Illustration of channel
impulse response model

( 1, 1, ,1, ,1, ,1, ,1)

( 0, 0, ,0, ,0, ,0, ,0)

( 2, 2, ,2, ,2, ,2, ,2)Tx Rx

Reflector 1

Reflector 2
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that we misuse L to represent both the number of subcarriers and signal paths, which should
be identifiable in accordance with the context.

For an OFDM system, the channel gain of each subcarrier between the mth Tx antenna
and the nth Rx antenna, is denoted as Hn,m[l], where l = 0, . . . , L − 1 represent the indices
of subcarriers. It is formally obtained through the following steps [16]. First, the CIR between
the two antennas, hn,m(t), is convolved with the pulse shaping filer c(t), which is typically
a raised cosine filter; and then sampled at the symbol rate, which results in the discrete-time
CIR (DT-CIR), hn,m[n]. Then, Hn,m[l] is derived from the L-point DFT of hn,m[n]. The
N × M channels between the kth RAU and the STA are grouped as H(k)

l with the (n,m)th

element given byH(k)
n,m[l]. This channel matrix can then be used in the beamforming process

presented in Sect. 2.

3.2 60GHz Channel Simulation with 3D Ray Tracing

Because of the millimeter-wave characteristics of 60GHz signal, ray tracing is accepted as a
more accurate way to simulate the physical channel in comparison with the empirical models
[8,21]. So, we use a 3D ray tracing software called Radiowave Propagation Simulator (RPS)
[5,22] to obtain the CIRs. RPS can predict, with verified accuracy, the paths between arbitrary
transmitter and receiver positions and antenna patterns. The information of all the possible
multipath components, including path gain, time delay, AoD and AoA can be recorded and
exported into text files. This allows us to re-construct the CIRs in the exact form of Eq. (17).

For a single antenna simulation, the channels can be directly simulated by RPS. However,
the RAUs and STAs all have multiple antennas that results in a large number of channels
from the combination of them, which makes it too time-consuming to obtain all the CIRs
by RPS. Alternatively, we obtain the CIRs through the following method. First, we use RPS
to simulate the CIRs by using isotropic antennas at both the transmitter and receiver sides
for all predefined positions. Then, calculate the CIRs of the channels of all antenna elements
by adding the phase shifts caused by the geometric position of the antenna elements. The
phase shifts are calculated for each multipath component. So finally, from a single simulated
channel between isotropic antennas, we can construct the multiple channels between all
antenna elements mathematically. This approach is based on the fact that the antennas are
collocated with small spacing (half carrier wavelength) in between, so the reflectors can
be assumed to be in the far field. The path difference of different antenna elements can be
simplified into the phase difference induced by their relative distance. The mathematical
description for obtaining the spatial CIRs can be found in [23]. We formulate this theory in
the following in combination with the channel model provided previously.

Given the CIR between the first antenna element pair of the transmitter and receiver, say

hnx=0,ny=0,mx=0,my=0(t) =
L−1∑
l=0

αlδ(t − τl)δ(ϕt − ϕt,l)δ(θt − θt,l)δ(ϕr − ϕr,l)δ(θr − θr,l)

(18)

The coordinate of the (mx ,my)-th Tx antenna element is ((mx − 1)λ/2, (my − 1)λ/2, 0).
Its relative distance to the first element (0, 0) in the direction of (ϕt , θt ) is

�dmx ,my (ϕt , θt ) = (mx − 1)
λ

2
sin θt sin ϕt + (my − 1)

λ

2
sin θt cosϕt (19)
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which introduces a phase shift of

�φt (ϕt , θt ) = �dmx ,my (ϕt , θt )

λ
· 2π (20)

where λ is the wavelength of the carrier frequency. The phase shift at the receiver can also be
derived similarly, which is denoted as �φr (ϕr , θr ). The phase shifts are then added to all the
paths of the first antenna element pair and then derive the channel between the (mx ,my)th
and the (nx , ny)th element pair as

hnx ,ny ,mx ,my (t) =
L−1∑
l=0

αl exp ( j�φt (ϕt,l , θt,l) exp ( j�φr (ϕr,l , θr,l)

× δ(t − τl)δ(ϕt − ϕt,l)δ(θt − θt,l)δ(ϕr − ϕr,l)δ(θr − θr,l) (21)

These calculated CIRs are then used in the simulations in the next section.

4 Simulation Setup

Intuitively, the performance of the DAS beamforming system is related to several factors
including room size, population, the number of RAUs that can be used, the position of
the RAUs, and the transmission strategy adopted. We then set up a number of scenarios to
discover their impacts. We define three realistic indoor scenarios, living room, office room
and conference room, to represent different room sizes. The lengths, widths and heights of
the rooms are given below:

– Living room: 6m × 6m × 3m
– Office room: 10m × 6m × 3m
– Conference room: 10m × 10m × 4m

For all the rooms, one side of the walls is made of concrete with a window of 4m×1m
size in the center, which represents the exterior wall. The other three sides are interior walls
covered with plasterboard. A door is located on the opposite side of the exterior wall with the
size of 1.5m (width)×2m(height) (closed in simulation). An example is shown in Fig. 4,
showing the top-down view of the living room setup.

Humans are modeled as absorptive rectangular prisms with the same height (1.75m)
and width (0.5m), random facing direction, and random positions. In each snapshot, which
represent an independent RPS simulation, the humans are randomly placed with uniform
distribution in a room. For each simulation scenario, we take 20 snapshots and then average
the collected results. The EMproperties of the different materials used in the RPS simulations
are listed in Table 1.

All the RAUs are placed on the ceiling which we think is a suitable place for practical
installations. Moreover, higher heights can provide better visibility to the stations [8]. The
RAU positions are divided into two groups, i.e. edge positions and center positions. The
coordinates of the positions are the geometrical center and edge of the ceiling plane with
0.2m resolution. The exact position of them will be scaled with respect to the room size.
These positions are defined in this way also because they are easy to locate in reality. The
numbers in Fig. 4 represents the indices of the RAU positions. The receivers are placed on
the horizontal planes of three different heights: 0, 0.5 and 1m, with a grid spacing of 0.5m, to
represent the possible receiver positions inside a room. This grid spacing is chosen because
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Fig. 4 Top-down view of the simulation scenario

Table 1 Relative permittivities of various materials at 60GHz [5,24]

Name Material Thickness (m) Real Imaginary

Exterior wall Concrete 0.2 6.14 −0.3015

Interior wall Plasterboard 0.1 2.81 −0.0461

Ceiling Concrete 0.3 6.14 −0.3015

Ground Wood 0.02 1.57 −0.0964

Window Soda–borosilicate glass 0.02 4.58 −0.0458

Door Wood 0.04 1.57 −0.0964

Human – – 13.2 −10.4

we assume the human width to be the same value such that the human shadowing effect can
be sufficiently captured.

The RPS simulation is done at 60GHz center frequency with 2GHz bandwidth. The total
bandwidth is divided into 512 subcarriers in the OFDM system. The total transmission power
is limited to 10dBm. The noise figure is assumed to be 6dB.

An example of a living room scenario in RPS simulation is given in Fig. 5. The spheres
are the transmitters equipped with isotropic antennas. The red one represents the active
transmitter the others are inactive. The lines between the transmitters and the receiver position
represent the signal paths and the colors of the lines indicate different signal strengths.

5 Simulation Results and Discussions

In this section, we conduct different simulations to investigate the effect of the above men-
tioned factors. Specifically, we are trying to answer the following questions:

– How do multiple RAUs improve the connectivity of 60GHz devices?
– What is the performance difference of blanket and selective transmission strategies?
– Where should the RAUs be placed?
– How many RAUs should be used?

Clearly, these questions are interconnected but they provide different aspects of under-
standing the proposed 60GHz DAS.
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Fig. 5 RPS simulation model of living room

5.1 Coverage Improvement with Multiple RAUs

This subsection simulates the coverage improvement with multiple RAUs. The simulations
are conducted in the living room scenario with 1–4 RAUs. Each RAU and STA is equipped
with an isotropic antenna. The total transmission power is set to 10dBmfor all simulations and
is equally allocated to the RAUs. All RAUs are used for transmitting signals simultaneously.
The position of the RAUs are configured as: 1 RAU—13; 2 RAUs—(11, 15); 3 RAUs—(11,
13, 15); 4 RAUs—(3, 11, 15, 23), which are indicated by the position indices shown in Fig. 4.
The received power across the 1m-height receiver plane (with 0.2m resolution) is given in
Fig. 6. It can be observed that the shadowed receiver positions have more than 10dB lower
power than the visible positions. These shadowing positions are eliminated whenmore RAUs
are used. The improvement is a result of the RAU diversity that offers richer signal paths,
especially the LOS paths that take the major portion of the received signal power. Thus, when
some RAUs are obstructed by objects, the other RAUs may still be reachable such that the
connectivity can be sustained. With beamforming, the signal strength of the visible positions
can be enhanced to achieve higher data rates. However, the shadowed positions that have
much lower signal power, may require other approaches to reach the desired power level.

5.2 Blanket and Selective Transmission Strategies

As stated in Sect. 2, there are two strategies to use the RAUs in aDAS.Different beamforming
strategies use different antennas which implies that the requirement of channel information
and beamforming complexity are different. The selective transmission strategy has lower
beamforming complexity due to its simplicity in calculating the beamforming vectors. This
leads us to compare their performance under different conditions so as to understand the
differences.

Since it is a necessity for 60GHz devices to use directional antennas to reach longer
distances to cover the entire room,we assume a planar antenna arraywith 4 isotropic elements
at each RAU and each STA. The locations of the RAUs are arranged as follows (simplified
in consideration of the geometrical symmetry of the rooms):

– 1 RAU: located at the center of the ceiling
– 2 RAUs: located at the symmetric center or edge positions of the ceiling
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Fig. 6 Power distribution with respect to different number of RAUs with equal power allocation. The white
pixels are the positions occupied by humans. Red dots represent the position of the RAUs a 1 RAU, b 2 RAUs,
c 3 RAUs, d 4 RAUs

– 3 RAUs: one located at the center of the ceiling and the other two at the symmetric center
and edge positions of the ceiling

– 4 RAUs: all RAUs located at the symmetric center or edge positions of the room

So, there are several candidate positions for a specific number of RAUs. All the possible
positions are listed in Table 2 while the symmetric positions are omitted.

For each scenario with various number of RAUs, all the possible RAU locations are
simulated. In each simulation, ten humans are randomly placed in a room. Then, the received
SNR of each STA position is calculatedwith different beamforming approaches. This process
is repeated for 20 times. In the end, the RAU positions that give the highest average SNR
of the 20 simulations are selected, to remove the effect of the RAUs’ position. The averaged
outage probability curves of different scenarios with different number of RAUs and SNR
thresholds are plotted in Fig. 7. The outage probability is defined as the percentage of area
within a room that is lower than the SNR threshold. Due to the discretized receiver positions,
there are several receiver positions occupied by humans that cannot be covered, so the lower
bound of outage probability is not equal to zero. The confidence intervals of the data are not
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Table 2 RAU positions

Number of RAUs 1 2 3

(a) Center positions

1 13

2 (7, 19) (8, 18) (12, 14)

3 (7, 13, 19) (8, 13, 18) (12, 13, 14)

4 (7, 9, 17, 19) (8, 12, 18, 14)

Number of RAUs 4 5 6 7 8

(b) Edge positions

1

2 (3, 23) (2, 24) (1, 25) (6, 20) (11, 15)

3 (3, 13, 23) (2, 13, 24) (1, 13, 25) (6, 13, 20) (11, 13, 15)

4 (3, 11, 15, 23) (2, 4, 22, 24) (1, 5, 21, 25) (6, 16, 10, 20)

plotted in the figure for the sake of clarity, but the widest 95% confidence interval is [−2.65,
1.93], which suggests acceptable accuracy.

For all scenarios, a single isotropic antenna cannot provide sufficient signal strength to
cover the entire room for a large range of SNR thresholds. With a single RAU that has a
4-element antenna array, the distance range is extended but still leaves a large portion of
receiver positions in outage. By using multiple RAUs, this outage probability is significantly
lowered, even when using only one additional RAU.

From the figures, we can observe two effects of using the 60GHz DAS. One effect is the
mitigation of human shadowing as a result of signal path diversity. This effect is obviouswhen
the SNR threshold is low,which can be reached byLOSpaths and strongNLOSpaths. Human
shadowing is the main reason of low receiving power. In all scenarios, the outage probability
drops dramatically in both blanket and selective transmission as a consequence of the DAS.
But they do not show much performance difference. However, the performance differences
between different number of RAUs are obvious. Therefore, for solving the human blockage
problem, the number of RAUs is the main factor rather than the beamforming strategies.

The other effect is a consequence of the distributed signal transmission scheme in the
DAS that also improves the coverage. This phenomenon is more evident at higher SNR
thresholds, for which shadowing is not the only cause of low signal strength. The distance
between the transmitters and the receivers also has a notable impact on signal attenuation. The
DAS architecture is beneficial from another two perspectives. First, it shortens the average
distance between transceivers by spreading the antennas over the space. The propagation loss
is therefore reduced, which significantly increases the signal quality of the distant positions.
This is an essential outcome of employing DAS in lower frequency bands for coverage
improvement [25]. Respectively, both blanket and selective transmission experience reduced
outage probability at the higher SNR thresholds and the coverage increases with more RAUs.
Second, all the antennas at the RAUs are used in blanket transmission that results in high
beamforming gain, and even larger than selective transmission that uses only one RAU. This
also boosts the signal quality, and explains why blanket transmission performs better than
selective transmission at the higher SNR thresholds. It can be deduced that this effect is
more observable for room sizes larger than the ones given in this paper, as the dimension of
the room will impact more evidently on the signal strength due to larger distance between
tranceivers.
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Fig. 7 Outage probability of
different transmission strategies.
a Living room, b office room,
c conference room
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Table 3 Outage probability with 6dB SNR threshold

Number of RAUs 2 3 4

Center (%) Edge (%) Center (%) Edge (%) Center (%) Edge (%)

(a) Blanket transmission

Living room 7.75 7.04 5.76 3.57 3.53 1.89

Office room 5.08 4.18 3.68 1.76 2.20 0.90

Conference room 3.28 2.35 2.34 1.07 1.43 0.72

(b) Selective transmission

Living room 7.85 6.57 6.02 3.39 3.91 1.87

Office room 5.23 4.44 3.98 1.83 2.54 0.82

Conference room 3.28 2.55 2.31 1.31 1.42 0.68

5.3 Position of the RAUs

The positions of the RAUs are of great importance since they not only impact the availabil-
ity of LOS paths but also the propagation loss between the STAs and RAUs. The optimum
position of the RAUs should be related to the room size and the transmission strategies.
These relationships are elucidated through the following simulations. We divide the previ-
ously defined RAU positions into two groups, i.e. center positions and edge positions. The
simulation parameters are the same as in the last subsection. We then collect the outage
probabilities of the best RAU positions in each group, for blanket and selective transmis-
sion strategy, respectively. Notice that, the following discussion is under the assumption of
a specific human density. We also investigate at both low and high SNR thresholds.

We first set the SNR threshold to 6dB as it can be achieved in all scenarios under LOS
condition but not under all NLOS conditions (observed from Fig. 7) when using a single
RAU, so that we can evaluate the performance of human shadowing alleviation. The results
are shown in Table 3. The data shows that, the best edge positions perform better than the
best center positions in most simulation setups. This implies that larger RAU separation can
provide better LOS visibility against human blockage. Furthermore, the outage probabilities
of the best center positions are 1.1–3.1 times higher than the best edge positions, which may
suggest that optimizing the positions of the RAUs can improve the performance to some
extent.

Above that, there is also a notable performance difference for the RAU positions inside the
center and the edge groups.We find that the largest outage probabilities are [1, 58%] and [27,
128%] higher than the lowest ones in the two groups, respectively. We understand that, in the
edge groups, the performance has stronger dependence on the location of the RAUs. Center
positions have lower variations due to smaller position difference.We then give the indices of
the best RAU positions in Table 4, indicated by the position indices of Table 2. Interestingly,
we find that diagonal center positions seem to be the most optimum center position in all
configurations. The optimum edge positions, however, change in different scenarios and for
different transmission strategies. Hence, if we want to place the RAUs at edge positions, it is
necessary to choose the positions according to the environment, particularly the room size,
in order to have optimum performance. This requirement is relaxed if we choose the center
positions, which can reduce the installation complexity. For this reason, we might suggest to
place the RAUs at the diagonal center positions in practice, although the performance may
not be the optimal.
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Table 4 Best RAU positions of different transmission strategies

Number of RAUs 2 3 4

Center Edge Center Edge Center Edge

(a) Blanket transmission

Living room 1 5 1 5 1 4

Office room 1 7 1 6 1 6

Conference room 1 4 1 6 1 4

(b) Selective transmission

Living room 1 7 1 5 1 4

Office room 1 7 1 6 1 6

Conference room 1 4 1 7 1 4

Table 5 Outage probability with 13dB SNR threshold

Number of RAUs 2 3 4

Center (%) Edge (%) Center (%) Edge (%) Center (%) Edge (%)

(a) Blanket transmission

Living room 17.20 20.55 9.98 7.85 4.80 3.43

Office room 17.03 32.58 9.95 9.85 5.26 3.50

Conference room 41.01 62.08 14.91 21.11 6.08 6.15

(b) Selective transmission

Living room 21.44 26.61 15.92 11.56 6.84 6.57

Office room 23.81 45.57 17.91 18.47 5.82 11.49

Conference room 63.30 70.58 54.24 55.36 31.51 46.74

Another case is the performance at higher SNR thresholds. We then increase the threshold
to 13dB and collect the outage probabilities in Table 5. As mentioned previously, the signal
propagation loss dominates the reasons of outage at higher SNR thresholds. The RAUs’
positions become a more important factor of performance. Except that the center positions
seem superior when using two RAUs, we do not see a regular pattern for 3 and 4 RAUs in
the two tables. This suggests that it is crucial to optimize the position of the RAUs at higher
SNR thresholds, which is understandable since we need to optimize the distances between
the RAUs and the STAs in the room. In addition, when using more RAUs, the probability
of outage drops significantly for all cases because the propagation loss is compensated by
beamforming. However, for overcoming path loss, the easier and more cost-effective way is
to increase the antenna array size instead of deploying more RAUs.

A practical 60GHz system may cover a large range of SNR thresholds for different mod-
ulation and coding schemes (MCSs). So, the cases of low and high SNRs may both exist.
A balance is required for placing the RAUs to compromise most applications. Since most
rooms have similar sizes as the ones given in this paper, we believe that the lack of LOS link
availability is the main problem. So, more attention should be paid to improving LOS link
visibility, which is equivalently the lower-SNR case discussed here.
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Fig. 8 Outage probability versus the number of humans. a Blanket transmission, b selective transmission

5.4 The Number of RAUs

As mentioned earlier, the number of RAUs has a significant role in solving the blockage
problem. It is reported in [6] that the visibility probability can be significantly improved
by only two APs. A similar result is also found in our analysis of DAS systems with a
small number of RAUs. We simulate a conference room scenario with different numbers
of humans (5–30) and different RAU configurations. The RAUs are placed at the optimum
positions given in Table 4. For simplifying the simulation, we only simulate the receiver layer
at 1m height. For each case, we take ten snapshots. The outage probability curves of 6dB SNR
threshold for different setups are plotted in Fig. 8. The error bars indicate the 95% confidence
intervals of the averaged data. Notice that the 1-RAU case is the same in all figures.
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With larger population, the frequency of human blockage should be heavier. From the fig-
ures, we see that the outage probability increases almost linearly with the number of humans.
However, when the population increases, we observe that the transmission strategies and
RAU positions do not affect the performance much since the outage probability differences
are relatively small. On the contrary, the number of RAUs plays the main role with respect
to population. There is a clear improvement when more RAUs are involved. With more than
three RAUs, the outage probability is reduced close to the lower bound (close to the value of
the factor of population and the number of receiver positions in the simulations), especially
for the cases of using four RAUs. The largest outage probability drop happens when two
RAUs are used. By using three or four RAUs, only a few percentages of outage probabil-
ity are decreased, even when the population grows to 30. Therefore, two RAUs could be a
practical choice in the sense cost-effectiveness for a moderate population.

6 Conclusions

The paper has proposed to improve 60GHz communication performance by employing a
DAS architecture. Particularly, 60GHz DAS employing multiple RAUs can significantly
mitigate the shadowing effect of obstacles. We have validated this idea by means of building
mathematical models and conducting extensive simulations. The questions of how to utilize
themultiple RAUs for beamforming,where to place them and howmany should be employed,
have been answered in the paper. We found that, for alleviating the shadowing effect, the
number of RAUs plays a very important role. For a reasonable human density, two RAUs
could be a practical solution that dramatically increases the 60GHz link connectivity. They
should be placed sufficiently far apart from each other. For a coarse installation, they can be
placed at the diagonal centers of the ceiling,which is applicable tomost practical roomshapes.
And higher performance can be achieved by optimizing the RAUs’ positions according to
the layout of a room. However, blanket and selective transmission do not exhibit significant
difference between each other, in terms of solving shadowing problem. This may suggest
that selective transmission is more preferable due to its lower complexity.

The studies in this paper assumed that the beamformingmethods are optimal, but this is not
feasible in practice. So, further investigations, like considering codebook based beamforming
that is currently employed by 60GHz WLAN/WPAN standards, are of great importance.
However, the results presented in this paper should give meaningful insights for these future
works.
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