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Abstract— Recent work has shown that mesh networks based
on short-range outdoor millimeter (mm) wave links in the
unlicensed 60 GHz band are a promising approach to providing
an easily deployable broadband infrastructure. In this paper, we
investigate the robustness of such links, focusing in particular
on the effect of multipath fading resulting from reflections from
the ground and building walls for a lamppost deployment of mm
wave nodes. Our ray tracing based model shows that, while only
a small number of paths are significant for the highly directional
links considered, they can cause significant fluctuations in the
received signal strength. Our simulations show that 10-20 dB
fades below the benchmark of free space propagation can occur
quite easily (e.g., 5-15% of the time, averaging across typical
deployment scenarios), and that the received power is extremely
sensitive to small variations in geometry (e.g., altering the position
of the antenna by 1 cm can reduce the received power as much as
46.7 dB). We also demonstrate, however, that extremely robust
performance can be obtained by employing multiple antennas
at appropriately chosen separations, using standard space-time
communications strategies such as transmit precoding (when the
transmitter knows the channel) and space-time coding (when the
transmitter does not know the channel).

I. INTRODUCTION

The increasing demand for high-definition multimedia and
high speed computer communications has led to the need for
a new generation of wireless networks that support higher
data rates. The 60 GHz band is considered to be a promising
candidate for building such high speed, short range wireless
networks for a number of reasons: it offers large swathes
of unused bandwidth (57-64 GHz) and has a high spatial
frequency reuse because of significant attenuation due to
oxygen absorption [1]. Crucially, recent advances in RFIC
design have made millimeter wave (mm-wave) transceivers
using inexpensive silicon processes feasible [2][3]. While
there is intense industry interest in multiGigabit 60 GHz
indoor networks [4], recent work [5] shows that outdoor mesh
networks based on short-range (100s of meters) 60 GHz links
are a promising approach to providing a quickly deployable
multiGigabit wireless backhaul (e.g. for picocellular networks
or for “last-hop” links in a neighborhood). In this paper, we in-
vestigate space-time channel models for such links, which turn
out to be very different from those at lower carrier frequencies.
We also discuss the consequences for transceiver design.

The differences between mm-wave and WiFi networks at
2.4 and 5 GHz stem from the order of magnitude difference
in wavelength A of the carrier used for transmission. Since

I'This research was supported in part by the National Science Foundation
under grants CNS-0520335, ECS-0636621 and CNS-0832154.

free space propagation loss scales as A2, the propagation
loss in mm-wave networks is 28 dB higher than the loss in
WiFi networks (at 2.4 GHz). On the other hand, the antenna
directivity scales as A\~2 for an antenna with a given aperture
(corresponding to nodes with a fixed form factor). Therefore,
using directional antennas at both the transmitter and the
receiver leads to a net power scaling of A~2, which translates
to an advantage of 28 dB for 60 GHz versus 2.4 GHz. Since
it is difficult to produce high transmit powers using low-cost
silicon implementations, the use of directional transmission
and reception is imperative at 60 GHz. Fortunately, the smaller
wavelength also makes it possible to synthesize low-cost an-
tenna arrays (e.g., implemented as patterns of metal on circuit
board), which can then be electronically steered to provide
adaptive yet highly directional links permitting a flexible
deployment. From the point of view of channel modeling, the
consequence of directionality is that the channel between the
transmitter and receiver is dominated by a few paths which fall
within the transmit and receive antenna beamwidths. This is
fundamentally different from the much richer scattering envi-
ronment for omnidirectional links at lower carrier frequencies.

Contributions: We employ ray tracing technique to charac-
terize the multipath channel associated with highly directional
60 GHz links. While only a few rays fall within the antenna
beamwidths, the strength of these rays is of the same order as
that of the Line of Sight (LOS) path, so that constructive and
destructive interference between the rays causes severe fades.
In particular, because of the small wavelength, small changes
in geometry of the environment are shown to result in large
fluctuations in received signal strength. This implies, for ex-
ample, that a link with a single %—spaced antenna array at each
end is not robust. However, the small wavelength also implies
that spatial diversity is easy to achieve; two directional anten-
nas (or steerable antenna arrays) which are judiciously placed
at a moderate distance apart result in a robust 2 x 2 MIMO link
to which standard space-time communication techniques ap-
ply. In particular, we employ Shannon-theoretic computations
for both transmit precoding and space-time coding schemes to
show that a large stable throughput can be achieved.

Related Work: There have been a number of studies of
statistical channel models as well as measurement campaigns
in the 60 GHz band in indoor environments [6][7][8][9].
The significant difference between these indoor studies and
the outdoor environment we consider is the impact of larger
transmission range and stronger reflected rays. It has been
shown in Reference [10] that only the Line of Sight (LOS)
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ray needs to be considered in the indoor environment when
the transmission range is less than 10 meters. References [11]
and [12] study an outdoor channel model in a city street
environment; however, they investigate the channel response in
the 2 GHz band with omnidirectional antennas. As we show in
this work, the directional antennas needed for 60 GHz nodes
lead to significantly different channel models when compared
to lower frequency, omnidirectional networks. In terms of 60
GHz networks, reference [5] shows that oxygen absorption and
the use of highly directional links allows a high degree of spa-
tial reuse. It also shows that directionality leads to a drastically
different design paradigm for Medium Access Control (MAC)
protocols, with the focus shifting away from interference
management (since interference is greatly reduced due to
directionality) to transmit-receive coordination (because the
“deafness” caused by directionality makes carrier sense based
protocols infeasible). While [5] considered idealized LOS link
models, more detailed network design and performance studies
require a fundamental understanding of the channel model for
such links, which is the objective of the present study.

II. CHANNEL MODEL AND PROPERTIES

To understand the outdoor channel characterization, the
environment geometry of the outdoor channel considered
throughout the paper is described, following which we de-
scribe the calculation of reflection coefficients and a sam-
ple link budget. We then show that while there are only
a small number of dominantly reflected rays, the received
signal strength fluctuates significantly even with small scale
variations in the environment.

A. Environment Geometry

We model an outdoor mm-wave network with the nodes
deployed on lamp-posts, which are typically lower than the
rooftops. The street on which the lamp-posts are located is
assumed to be straight, with buildings throughout the sides
of the street. These buildings cause reflected rays to be
received in addition to the direct path: the reflected rays
could add either constructively or destructively, leading to
the well-known fading effects. Note that the assumption of
buildings throughout the street leads to a worst-case scenario:
in practice, the absence of tall buildings at street intersections
might cause fewer reflected rays which would, in turn, lead
to diminished fading effects. The canonical environment ge-
ometry we consider is shown in Fig. 1: (a) the transmitter
and the receiver are placed at the top of the lamp posts on
the same side of the street, (b) the buildings are located dyq;
(also called wall distance) meters away from the lamp-posts
and (c) the width of the street is denoted by [. The propagation
distance, denoted by dg, is typically on the order of 100 m.
0; denotes the incident angle and the complementary angle of
0, is called the direct angle («;) for convenience. In addition
to the reflections from buildings, we also model the reflection
from the road, which is not shown in the figure.

B. Reflection Models

At a vaccum-material interface, the electromagnetic waves
undergo a change in gain and phase described by the Fresnel

Fig. 1. Top-down view of outdoor propagation geometry illustrating LOS
and wall reflected paths up to the second order

reflection coefficients [13]. We now summarize the main
results from electromagnetic theory needed for our purpose.
We consider electromagnetic waves impinging on a vaccum-
material interface that is smooth and infinite, with the material
having relative dielectric constant &’, relative permeability p’
and conductivity o. The relative complex dielectric constant
for the material, denoted by &, is given by ¢, = &’ — jﬁ,
with g9 = 8.854x 10712 AS/V'm. The perpendicular reflection
coefficient R that relates the reflected and incident electric
fields when the polarization perpendicular to the plane of
incidence, is given by

; o le  _ in20:
Ri(6;) = EL)T<97?) _cos 0; — /e, — sin” 0; 0
E1i(0,1)  cosl; + /e, — sin 6,

where 6; denotes the angle of incidence. Analogously, when
the polarization is parallel to the plane of incidence, the
parallel reflection coefficient ) is given by

By, (0,1)  ple,cosb; — /e, —sin®0;
By (0,1) ey cosb; + /e, — sin?

If we use vertical polarization, the wall and ground reflection
coefficients are equal to 2 and I respectively.

The Fresnel reflection coefficients are strictly valid only
with infinite and smooth surfaces. However, a surface can be
approximated as electromagnetically “smooth” if its irregu-
larities are small. The Rayleigh criterion provides a thumb
rule to capture the extent of irregularities: a surface may be
approximated to be smooth if h < ﬁsei’ where h denotes
the maximum irregular height of the material surface and 6,

represents the angle of incidence. For rough surfaces, a mul-
(47r<7h cos @, ) 2
Py

Ry (6;) 2)

tiplicative scattering loss factor ps = exp —%
[13] is used to account for the reduced energy in the reflected
ray, where o}, denotes the standard deviation of the surface
height. However, what we consider here is the simple but worst
case by assuming all the surfaces are smooth enough, which
leads to the highest reflected power and hence larger fades.

C. Link Budget and Antenna Design

We now lay out the link budget of an example system that
we consider throughout the paper. Consider a 2 Gbps QPSK
link, over a distance of 200 m, operating with a bandwidth
of 1.5 GHz. For uncoded Bit Error Rates (BERs) lower
than 10~?, the required signal-to-noise ratio (SNR) is 14 dB.
Assuming that the oxygen absorption loss is 16 dB/km, and
antenna directivities at each end of 20 dBi, we find that the
required transmit power is 24 dBm with a link margin of 10
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dB and a receiver noise figure of 5 dB. We have not budgeted
for rain, which can lead to significantly higher attentuation
and hence call for smaller range, higher transmit power, or
even higher antenna directivities. This is because our goal is
to highlight the need for high directivities even under ideal
conditions, and to investigate fading as a function of range
up to what we currently think is the maximum range feasible
with low-cost silicon implementations.

Antenna Design: A directivity of 20 dBi can be realized,
for example, using an antenna (or an antenna array) with 30°
vertical beamwidth and 10° horizontal beamwidth. A possible
low-cost implementation is to employ a 4-element linear array
of endfire antenna elements with 40° horizontal beamwidth
and half-wavelength spacing. The antenna radiation patterns
for one such element, which could be realized as a pattern
of metal on circuit board [14], are shown in Figures 2(a) and
2(b). For concreteness, we use these patterns in our channel
model simulations.

(a) H-plane

(b) E-plane

Fig. 2. Endfire antenna power pattern with a directivity of 14 dBi

D. Six-ray Channel Model

Owing to the narrow horizontal beamwidth of the receive
antenna, only rays with small direct angles (see Fig. 1) make a
significant contribution towards the received signal. Defining
the order of a reflected ray to be the number of reflections the
ray undergoes before reception, we see from Fig. 1 that higher
order rays have larger direct angles which fall outside the
beamwidth. For the geometries and directivities that we con-
sider, we find that it suffices to consider only reflected rays up
to the second order to account for the signal contribution at the
receiver from wall reflected paths. For example, consider the
following parameters: street width (/) of 12 m, wall distance
(dwair) of 4 m, the lamp post height (antenna height h,,¢) of
5 m, and propagation range (ds) of 200 m. The corresponding
Ist and 2nd order direct angles (o) from both sides of the
street are 2.3°, 9.1° and 13.5°, 19.8°, respectively. Since the
horizontal beamwidth is only 10°, it is clear that considering
wall reflections up to the 2nd order is a good approximation.

We therefore consider a six-ray channel model, which ac-
counts for the Line of Sight (LOS) path, the ground reflection
ray, and 1st and 2nd order wall reflected rays from buildings
on either side of the road. Using the complex baseband
representation, the received signal is given by [16]

r(t)

—j2nds /A

“a4r ds
5 .
Riv/Giu(t — 7;)e727di/A
+> =
i—1

where (1) u(t) is the complex baseband transmitted signal,
(2) VG and /G, are the products of the corresponding
transmit and receive antenna field radiation pattern for the LOS
component and the reflected components respectively, (3) d
is the LOS path length and d; is the length of the i‘" reflected
path, (4) R; denotes the net reflection coefficient on the ith
path and (5) the delay spread 7; = (d; —ds)/c is the difference
in propagation delay between the LOS and the reflected rays.

If the bandwidth of the received signal is smaller than the
coherence bandwidth (roughly the inverse of the delay spread),
u(t — 7;) can be approximated by u(t). While this is not quite
true for the multiGigabit links of interest (e.g., a delay spread
of several nanoseconds leads to a coherence bandwidth smaller
than a GHz), we make this approximation in order to focus
on channel variations due to spatial geometry. The received
signal power is then given by

ANVE | Ri/Gre 180 |
PT:P(M) +2 4

a. 0 “4)
where A¢; = 2m(d; — ds)/A. We first analyze the variation
of the received power with the same settings as before: d, =
200 m, dyau = 4 m, hgnt = 5 m, | = 12 m. We see from
Fig. 3 that the received signal power fluctuates significantly
for larger link ranges. In fact, for some link ranges, the
received power could be as much as 25 dB lower than the
corresponding value in free space (denoted by P, r,) because
of the destructive interference caused by the reflected rays.

i=1

E. Statistical Distribution of the Received Signal Power

In the previous example, we analyzed the variation in
received signal power under the assumption of fixed lamp post
height and wall distance. However, lamp post heights and wall
distances could vary significantly across different network
deployments, or even within a given deployment. Furthermore,
some variation (on the order of a few centimeters) in the
positioning of antennas is inevitable. We would certainly
desire the link to be robust to all such variations. We now
show that, due to the small wavelength, even small spatial
variations can lead to significant fluctuations in the received
power. To this end, we introduce a statistical model, in which
we compute the distribution of the received power as we
vary the wall distance and antenna height, modeling the
latter parameters as random variables. In particular, we model
the antenna height h,,; as uniformly distributed over the
interval [5Sm,8m], and the wall distance d,,,;; as uniform over
[4m,20m]. The ranges are chosen such that the contributions
from the reflected rays are significant over the nominal range
ds = 200m and nominal street width [ = 12m.
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Fig. 3. Received signal power of the SISO channel as a
function of the transmission range

In Fig. 4, we plot the Cumulative Distribution Function
(CDF) of the received power upon varying either the wall
distance or the antenna height, keeping the other parameter
fixed. The received signal power exhibits significant fades
below the free space propagation value P, ,: for example,
when d,q;; varies with the antenna height fixed at 5 m, the
reflected paths combine destructively and lead to a lower signal
power 93.8% of the time, with 10 dB fades almost 20% of
the time and 20 dB fades about 5% of the time. Moreover, the
mean signal power can vary by 6 dB when the wall distance or
the antenna height changes by as little as 1 cm. However, an
even more disturbing observation, not captured in Fig. 4, is the
extreme sensitivity of received power to small perturbations
in the geometry. For example, when dq; = 19.06 m, the
received power for hg,y = 5.01 m is —64.92 dBm (a 1 dB
fade relative to the free space benchmark of -63.7 dBm), while
it is only —111.62 dBm when hg,,; is 5 m, corresponding to
more than a 48 dB fade!

The preceding results make it clear that some form of spatial
diversity is essential in the design of the envisioned 60 GHz
outdoor mesh networks. In the next section, we show that
appropriately designed 2 x 2 MIMO links do provide such
robustness.

III. MIMO DIVERSITY

We now explore the use of multiple antennas at the trans-
mitter and receiver to utilize spatial diversity and ensure that
the links are robust to inevitable environmental variations. We
investigate a Multiple Input Multiple Output (MIMO) system
with 2 antennas at the transmitter as well as the receiver.
Ignoring time dispersion, we have the following model for
the spatial channel:

y=Hx+w 3)

where (1) y denotes the 2 x 1 received signal vector, (2) H
represents the 2 x 2 channel matrix, (3) x denotes the 2 x
1 transmitted signal vector and (4) w is the 2 x 1 additive
white complex Gaussian noise vector with covariance matrix
C Ny 0

0 Ny

are obtained by applying ray tracing techniques described in
Section II-D to each transmit-receive antenna pair, taking into
account the LOS path and ground and wall reflections.

w =

. The elements of the channel matrix

Fig. 4. CDF of received signal power of the SISO channel
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Fig. 5. Received signal of
2x2 MIMO as hsep,v varies

We use Shannon capacity as a compact means of illustrating
the performance gains obtainable by going from a SISO to a
MIMO link in our context. We note, of course, that hardware
constraints at multiGigabit speeds may limit the achievable
spectral efficiency to far below these information-theoretic
benchmarks. We consider the following standard strategies
[15][16][17], reviewed briefly for the sake of completeness.

Waterfilling: When the transmitter and receiver have per-
fect Channel State Information (CSI), the data rate can be
maximized by optimally allocating the transmit power to dif-
ferent transmit antennas. The corresponding channel capacity
C is given by C = >~ (log,(1 + 37 JI\DQ) [15], 3; is the i'"
singular value of H, P; and N; are the transmit power and
noise power at the i*" channel.

Dominant Eigenmode Transmission: When link reliability
is more important than high data rate, for the same scenario of
perfect CSI at both transmitter and receiver, we can transmit
information bearing symbols only along the dominant eigen-
mode of H to maximize the SNR at the receiver. The channel
capacity is given by C = logy(1+ 32,,,7), Where [Bpq. is the
largest singular value of the channel matrix H and ~y equals
the SNR for the Single Input Single Output (SISO) channel.
This channel capacity clearly has an SNR gain of 32,,, over
the SISO channel [16].

Alamouti Code: When the transmitter has no CSI, but the
receiver has perfect CSI, the Alamouti scheme [17] maximizes
the diversity gain by transmitting repeated symbols through 2

antennas. The capacity is given by C' = log,(1 + %)
Antenna Separation: All of the schemes discussed above
rely on the channel response between different antenna pairs
being roughly independent in order to achieve robust perfor-
mance. With omnidirectional antennas and a rich scattering
environment, the minimum antenna separation required for
the paths to observe independent fades can be as small as %
[16]. However, with highly directional antennas, the reflected
paths that contribute to the received signal lie in a narrow
beam around the LOS path, which can lead to significant
correlation between the channel responses for different antenna
elements. As discussed in detail below, we find that the
antenna separation needs to be of the order of 5\ for our
setting. However, this separation is still relatively small for



This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the WCNC 2010 proceedings.

the small wavelengths of interest to us.

Both vertical diversity and horizontal diversity are required
in order to overcome the fading caused by the ground and wall
reflections, respectively. To gain insight, let us first consider
only the ground reflected ray and the LOS ray for a 2 x 2
MIMO system with vertically separated antennas spaced by
dsep,v- The received signal power is plotted as a function of the
vertical antenna separation when ds = 200 m and hgy,¢ = 5 m.
The dependence on the ground surface material is negligible
because the reflection coefficient approximately equals -1
regardless of the material when the incident angle is near 90°.
Our empirical observation from Fig. 5 is that a vertical antenna
separation of 0.025 m (5)\) is a good choice, since this is where
the received signal power attains its first peak.

Xife - - === - -T'X1

t
diz™T= *‘"'?d "
\\'/*/ h ““m o

dgri1=di+d2 dgri2=di+d2

(a) Geometry used to find ~11 (b) Geometry used to calculate hia

Fig. 6. Front view of propagation geometry with 2 X 2 antennas depicting
ground reflections and LOS rays

We next attempt to provide some insight into the preceding
empirical observation through ray tracing based calculations.
Recall that the sum of the singular values of the channel
matrix H can be expressed as: >, 7 = tr(HH") = |[H||% =
Zf =1 |hij|?. Due to the symmetry in our geometry, his =
ha1. Without loss of generality, we fix the antenna height
of txo and rxe and vary only the height of tx; and rx;.
Thus, hos does not depend on the antenna separation. As a
consequence, we only need to understand the variations in
h11 and hio with antenna separation. From Fig. 6(a) and
Fig. 6(b), the path length of the ground reflected ray in
hia can be expressed as: dgr12 = ds/ cos(arctan(2(hant +
dsepw)/ds)).Assuming that the reflection coefficients are equal
to —1 (which corresponds to a phase change of ), the phase
difference between the ground reflected path and the LOS
path is 27T(dgT12 — dlg)/)\ + m, where dis = dg + dgep,v'
Similarly, the path length of the ground reflected ray in hqq
can be expressed as dgr11 = 2\/0.25d§ + (dsep.v + hant)?
and the phase difference is 27 (dg,11 —ds)/A + 7. Using these
formulae, we predict the peaks and troughs of |hq1| and |hq2]
as the antenna separation varies and list the results in Table 1.
We find that the predicted trends for the received signal power
(low/high/medium) in Table I match the simulated trends in
Fig. 5, thereby confirming our insight.

TABLE I
ELEMENTS OF CHANNEL MATRIX VARY WITH ANTENNA SEPARATIONS (B,
P AND M DENOTE BOTTOM, PEAK AND MEDIUM POINTS)

IA 5A  10A 15X 20X
hi1 B P B P B
h12 B M P M B
Total B P M P B

In a similar fashion, we find that 2.5 cm is also an

appropriate horizontal antenna separation for ds; = 200 m,
dwanr = 4 m. Hence, the two antennas at each end are placed
at the vertices along the vertical face diagonal of a cube
with the edge of 0.025 m. The later simulations prove that
these antenna separations are robust with the variations of the
antenna positions and transmit ranges in our scenario.

IV. NUMERICAL RESULTS

We now present numerical results that quantify the
channel capacity and the received signal power with the
three proposed schemes: waterfilling, dominant eigenmode
transmission and Alamouti Space-Time Code. We choose the
antenna separation to be 5\ = 2.5 cm as described in Section
III. The link budget is described in Section II-C and the
reflection coefficients for different materials are found in [18].

Received Signal Power: To compare the received signal
power in the 2 x 2 MIMO system with the free space
propagation case, we define the Relative Factor « as: C' =
logy(1+aSNRy,), where SN Ry, denotes the corresponding
SNR with free space propagation. Obviously, the MIMO
channel can achieve better performance than the free space
propagation case if a > 1. We observe the distribution of the
Relative Factor o upon varying either the antenna height or
the wall distance over the same range discussed in Section
II-E. The Relative Factor is shown in Fig. 7, where o; and a
represent the Relative Factors for the corresponding channel
with the first or second eigenmode respectively, Qqiamouti
denotes the Relative Factor using Alamouti scheme. We make
the following observations from our simulations:

1) We observe from Fig. 7 that the dominant eigenmode
transmission scheme using only the largest singular
value (3;, which maximizes the received SNR, has
the highest Relative Factor (o) when either the wall
distance or the antenna height is varied.

2) It is shown in Fig. 7 that the Relative Factor ao of the
channel with the smaller singular value 35 can be sig-
nificantly smaller than 1, which means the waterfilling
scheme utilizing both two channels can have large fluc-
tuations in channel capacity, shown in Fig. 8 and Fig. 9.

3) The distribution of the Relative Factor is similar when
d is varied with fixed hg,; and d,,q;, which is omitted
here due to limited space.

4) For spatial variations in the antenna position on the
order of 1 cm, the received signal power varies by
less than 6.4 dB for all the three schemes, which is in
stark contrast to the 46.7 dB variation observed in the
SISO case. Furthermore, despite these small variations,
the received power for both the dominant eigenmode
scheme and the Alamouti code is always higher than
the free space SISO benchmark.

Channel Capacity: We compute the channel capacity as we
vary the wall distance or the antenna height with each of the
three schemes. Under the same variations described for the
received signal power, we wish to emphasize the following
inferences from our simulations (see Fig. 8 and Fig. 9):
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Fig. 7. CDF of the Relative Factor of 2x2 Fig. 8.
MIMO channel wall distances

1) All the space-time schemes have significantly greater
channel capacities than the capacity for the SISO free
space propagation benchmark.

2) The SISO scheme is extremely fragile with variations
in wall distance with channel capacities ranging from
4.1 x 10~ bps/Hz to 5.4 bps/Hz (shown in Fig. 8).

3) As expected, the waterfilling scheme maximizes the
channel capacity, but it also exhibits significant variation
in channel capacity (4.3 - 10.9 bps/Hz) as the wall
distance varies from 4 m to 20 m. On the other hand,
the dominant eigenmode and the Alamouti schemes do
not vary a lot with change in the wall distance. Once the
wall distance is greater than 10m, these schemes vary at
most by 1.3 bps/Hz.

4) The capacity exhibits quasi-periodic behavior as the
reflected rays combine destructively/constructively when
we vary the antenna height.

V. CONCLUSION

We have shown that channel models for highly directional
mm wave links are fundamentally different from those for the
rich scattering environments corresponding to omnidirectional
links at lower carrier frequencies. In the setting considered, a
small number of strong paths account for fluctuations in the
received signal strength. For a SISO link, the resulting fades
are significant, and are extremely sensitive to small variations
in geometric parameters such as antenna height, wall distance
and range. However, we also show that a properly designed
2 x 2 MIMO link can provide both the vertical and horizontal
diversity required to combat such fading, with performance
that improves upon an ideal SISO link with no fading.

While most issues related to signal processing and protocols
for highly directional multiGigabit mm wave networks remain
open, we mention some topics for future work which are
specifically related to the issues discussed in this paper. The
delay spread for the channels we have considered can be
several times the symbol period for the multiGigabit links of
interest. An important area for future work, therefore, is the
design of strategies that account for the overall spatiotempo-
ral channel. Another important area is the design of nodes
for easy deployability and robust performance. For example,
can we realize “omni-coverage” yet highly directional nodes
providing electronic steerability over a 360° horizontal field

10
Wall distance (m)

Variation of channel capacity with the

Antenna heights (m)

Fig. 9. Variation of channel capacity with the
antenna heights

of view, while also providing the spatial diversity required for

combating fading?
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