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ABSTRACT
We investigate spatial multiplexing in the sparse multipath
environment characteristic of beamsteered indoor 60 GHz
links. The small carrier wavelength implies that large spa-
tial multiplexing gains are available even under line of sight
(LOS) conditions for nodes with form factors compatible
with consumer electronics devices such as set-top boxes and
television sets. We present a transceiver architecture that
provides both highly directive beams and spatial multiplex-
ing, and model its performance for a typical in-room com-
munication link. We evaluate the performance of a simple
scheme using a fixed constellation, transmit beamsteering
and MMSE reception. The performance is benchmarked
against transmit precoding along the channel eigenmodes
without a constellation constraint. We observe that, for a
relatively small transmit power per antenna element (achiev-
able, for example, in low-cost CMOS processes), the spatial
multiplexing gain is robust to LOS blockage and to varia-
tions in the relative locations of the transmitter and receiver
in the room.

Categories and Subject Descriptors
C.2.1 [Network Architecture and Design]: Wireless com-
munication

General Terms
Design, performance, reliability

Keywords
60GHz, MIMO, capacity, mm-wave, mmWave, spatial mul-
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1. INTRODUCTION
There is significant interest in utilizing the 7 GHz of un-

licensed spectrum at 60 GHz for indoor multiGigabit wire-
less networking, with applications such as high speed data
sync, wireless high definition video, and Gigabit wireless lo-
cal area networking. While the data rates o!ered by current
and emerging mm-wave standards already exceed the rates
achievable by lower-frequency links, speeds can be pushed
further by applying multiple-input multiple-output (MIMO)
processing techniques. To date, the spatial domain remains
an untapped resource for increasing spectral e"ciency at
mm-wave frequencies. The small carrier wavelength at 60
GHz implies that spatial multiplexing gains are available
even in LOS environments, as has been demonstrated in re-
cent hardware prototypes [6]. In this paper, we investigate
spatial multiplexing for a typical in-room communication
link, with nodes having form factors consistent with con-
sumer electronics devices such as set-top boxes and televi-
sion sets (the form factor determines the available spatial
multiplexing gain, as we observe later in this paper).

Our main results are as follows. We propose a transceiver
architecture based on an array of subarrays, which provides
both beamsteering gain (which reduces the power per an-
tenna element and simplifies the receiver) and spatial multi-
plexing gain. We evaluate its performance in the sparse mul-
tipath environment resulting from highly directive transmis-
sions using geometrical optics (i.e., ray tracing) to model the
channel. We then consider a scheme with a constrained sig-
nal constellation, transmit beamsteering and MMSE recep-
tion, that more closely reflects practical hardware and sig-
nal processing limitations of current millimeter wave (mm-
wave) systems. We conclude that the spatial multiplexing
gain provided by our architecture is robust to LOS blockage
and to variations in the locations of the transmitter and re-
ceiver within the room, while requiring a reasonably small
power per transmit element realizable by low-cost CMOS
processes.

The capacity of multi-antenna mm-wave links was previ-
ously studied in [1]. Although the propagation model used
here is similar, we consider a system architecture that ex-
ploits an antenna spacing criterion shown to maximize the
capacity of a LOS channel. Optimal antenna spacing was
derived for linear arrays in [2] and [4]. In these works, the
channel is modeled either as purely LOS or as a Rician chan-
nel, where a random non LOS (NLOS) component represent-
ing multipath is added to a deterministic LOS component
to form the overall channel matrix. Here we adopt a de-



terministic ray-tracing model for both the LOS and NLOS
components, which allows us to investigate how channel ca-
pacity is a!ected by node placement within a room. The
validity of the ray-tracing approach has been supported by
measurement studies at at 60 GHz that observe sparse mul-
tipath environments [8].

2. MIMO ARCHITECTURE
Consider a MIMO link consisting of Nt transmit antennas

and Nr receive antennas. Assuming frequency-flat fading,
the received signal vector r " CNr!1 is given by

r = Hx+w (1)

where x " CNt!1 is the transmitted signal vector, H "
CNr!Nt is the channel matrix, w " CNr!1 represents an ad-
ditive white Gaussian noise vector with covariance N0INt ,
and IN is the N # N identity matrix. The channel matrix
H can be decomposed as a sum of two components, with
the first, HLOS, representing the LOS contribution, and the
second representing the contribution of multipath. We now
describe the LOS channel component in detail and review
how the appropriate choice of antenna spacing results in a
high-rank, orthonormal matrix. We then present a system
architecture that exploits this result, and describe two alter-
native spatial processing schemes.

2.1 Antenna Spacing for LOS-MIMO
We first quickly review the concept of spatial multiplex-

ing in LOS environments [4]. Consider two N -element ULAs
aligned broadside and separated by distance Ro. The spac-
ing between transmit antennas is given by dT and the spac-
ing between receive antennas is dR. In the absence of mul-
tipath and additive noise, the received vector r " CN!1 is
given by r = HLOSx, where x " CN!1 is the transmitted
signal vector and HLOS " CN!N is the LOS channel matrix.
The (m,n)th entry of HLOS is given by

h(m,n) =
!

4"p(m,n)
e"j 2!
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$ !
4"Ro

e
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"
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(mdR!ndT )2

2Ro

"

,

where the p(m,n) is the distance between the nth transmit
antenna and mth receive antenna, and the approximation

p(m,n) $ Ro + (mdR"ndT )2

2Ro
holds when the range is much

greater than either array’s length.
Let hk denote the receive array response to the kth trans-

mit element (i.e., the kth column of HLOS). When the an-
tenna spacing is small, hk $ hl for all k, l = 1, 2, . . . , N ,
and the channel matrix has rank one. By increasing the
spacing by an appropriate amount, however, it is possible
to produce a spatially uncorrelated channel matrix with full
rank. Specifically, it can be shown that the inner product
%hk,hl& $ 0 for k '= l when the inter-element spacing satis-
fies the condition

dT dR =
Ro!
N

. (2)

When this condition is met, HLOS is a scaled unitary matrix
with N equal singular values. This array geometry maxi-
mizes the Shannon capacity at moderate to high SNR, and
we therefore refer to a pair of arrays satisfying (2) as optimal
ULAs.
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Figure 1: Proposed MIMO architecture. Each node
possesses a linear array of N !/2-spaced uniform
square subarrays.

2.2 Transceiver Architecture
Our proposed MIMO transceiver architecture in Fig. 1

is based on the preceding optimal spacing criterion. N in-
dependent data streams are precoded and transmitted over
an N -element optimal ULA, where the spacing d is chosen
to satisfy (2) given an expected link range Ro. Each ele-
ment of the ULA is a square !/2-spaced subarray, which can
be implemented as a monolithic millimeter-wave integrated
circuit. Because the spacing between subarray elements is
small, the subarrays provide array gain rather than spatial
multiplexing gain. The additional directivity helps to o!set
propagation loss at mm-wave frequencies and attenuate mul-
tipath. Each subarray is an M#M square array, so the total
number of antennas per node is given by NT = NM2. The
receiver consists of an identical array-of-subarrays structure,
with received signals feeding into a equalizer designed to null
spatial interference. We assume herein that the architecture
uses one of the following two transmission schemes.

Eigenmode Transmission: Our performance bench-
mark is standard waterfilling based eigenmode transmis-
sion. This employs a transmit precoder and a receive spatial
equalizer based on the singular value decomposition (SVD)
of the channel matrix H, such that the channel is decom-
posed into N non-interfering parallel subchannels, or eigen-
modes. The transmit powers along the eigenmodes are cho-
sen, subject to a total power constraint, based on water-
filling. Given the space constraints, we do not provide a
detailed description of this well-known scheme.

Transmit Beamsteering/Receive MMSE:While eigen-
mode transmission provides an upper bound on link perfor-
mance, it is important to identify more conservative perfor-
mance estimates that respect typical hardware and signal
processing constraints. To this end, consider a scheme in
which the transmitter sends a single data stream from each
subarray, with each subarray limited to beamsteering in a
given direction. We assume the transmitter knows the di-
rections of the LOS and first-order reflection paths to the
receiver (these can be learned by scanning at start-up), and
beamsteering is constrained along these paths, with the ar-
ray phases depending on the azimuthal and polar steering
angles. The transmitter beamsteers in the direction(s) that
maximize the sum-rate spectral e"ciency. The constella-
tion per data stream is fixed, and the transmit power is
split evenly among the streams. The spatially multiplexed
data streams can now interfere with each other, and we em-
ploy linear MMSE spatial interference suppression to sep-
arate them out at the receiver. The spectral e"ciency is
computed based on the SINR at the output of the MMSE
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Figure 2: Indoor environment model showing LOS
and first-order propagation paths.

equalizer, with the interference treated as Gaussian noise,
and with the symbol constellation constrained to 16QAM.
Details are omitted due to lack of space.

3. INDOOR ENVIRONMENT MODEL
The optimal antenna spacing criterion given by (2) as-

sumes the transmit and receive arrays are aligned parallel,
the channel is purely LOS, and the link range is known a pri-
ori. For practical indoor applications, none of these assump-
tions hold, and we wish to evaluate the performance of the
proposed architecture when operating under more realistic
scenarios. We therefore present a indoor environment prop-
agation model that allows us to assess the impact of multi-
path propagation, link range variations, and LOS blockage.
The propagation environment, shown in Fig. 2, is a room
of dimensions w # l # h. The receiver’s position is fixed at
the center of the front wall at coordinates (w/2, 0, h/2). The
transmitter’s position is variable, and given by coordinates
(x, y, h/2), where 0 ( x ( w and 0 ( y ( l. The ULAs lie
horizontally and the ULAs and their subarrays are parallel
to the xz plane.

Given the specular nature of mm-wave reflections, we model
the environment using the method of geometrical optics [7].
The LOS paths from transmitter to receiver, as well as
single-bounce reflected paths o! the side walls and ceiling,
contribute to the channel matrix H. Higher order reflec-
tions are disregarded in the simulations due to the addi-
tional path losses and reflection losses they incur, as well
as the directivity provided by the subarrays. The channel
matrix H " CNT!NT can be written

H = HLOS +HL +HR +HC, (3)

where HLOS is the LOS component, HL and HR are the
components resulting from the left and right wall reflections,
respectively, and HC is the contribution of the ceiling reflec-
tions. The (m,n)th entry of HLOS is given by

hLOS(m,n) =
!

4"pLOS(m,n)
e"i 2!" pLOS(m,n). (4)

The (m,n)th entry of HL is given by

hL(m,n) = #(#L)
!

4"pL(m,n)
e"i 2!" pL(m,n), (5)

where pL(m,n) is the length of the path from the nth trans-
mit antenna to the point of reflection on the left wall to the
mth receive antenna, #L is the reflected ray’s angle of inci-
dence, and #(#L) is the Fresnel reflection coe"cient [3]. The
entries ofHR andHC are similarly defined, with appropriate
substitutions of pR(m,n) or pC(m,n) for pL(m,n) and #R
or #C for #L. Side wall reflections use the parallel reflection
coe"cient, while ceiling reflections use the perpindicular re-
flection coe"cient. We assume the floor is carpeted, and we
hence ignore floor reflections due to the high reflection loss
of carpeted surfaces [5].

We model LOS blockage, referred to henceforth as the
NLOS scenario, by removing the HLOS term from (3).

4. SIMULATION RESULTS
In this section, we evaluate the spectral e"ciency achieved

by the mm-wave MIMO architectures presented in Section
2 under the proposed indoor propagation model. The sys-
tem and environment parameters are as follows. The room
dimensions are 5 m # 5 m # 3 m. The spacing between sub-
arrays, given by d =

!
2.5!/N , is chosen such that the LOS

component of the channel is spatially uncorrelated when the
transmit node is located at the center the room. The sub-
arrays are 4# 4 square subarrays. The overall array length
is thus L = (N ) 1)d + 1.5! (e.g., 8.7 cm for N = 2). The
link operates at a carrier frequency of 60 GHz, with a cor-
responding wavelength of ! = 5 mm. The noise power at
the receiver is given by PN = kTBF , where k is the Boltz-
mann constant, B = 2.16 GHz is the bandwidth, T = 300
K is the operating temperature, and F = 10 dB is the noise
figure. The relative dielectric constant $r = 2.8 and conduc-
tivity % = 0.221 of the wall and ceiling surfaces are chosen
to represent plasterboard [5].

4.1 Performance with Eigenmode Transmis-
sion

Fig. 3 plots the channel capacity of the eigenmode trans-
mission scheme, averaged over random transmitter coordi-
nates, as a function of PA, the average transmit power per
antenna, which is related to the total transmit power con-
straint by PT = NM2PA. (In practice, each antenna ele-
ment would be peak power limited, which is a constraint we
impose on the more practical beamsteering/MMSE scheme
considered next.) For this plot, we consider the transmit-
ter’s x and y coordinates to be independent random vari-
ables uniformly distributed over [0 + L/2, 5 ) L/2]. The
number of data streams considered is N = 1, 2, 3, where
N = 1 corresponds to transmitting a single data stream us-
ing a single subarray per node, with data transmitted along
the dominant eigenmode. Increasing N to 2 or 3 results in
roughly doubling or tripling the average channel capacity,
respectively. The e!ect of increasing N is greater in NLOS
settings, represented by dashed lines.

Fig. 4 depicts how the channel capacity varies as a func-
tion of the transmitter’s position within the room. Here we
have set N = 2 and fixed the transmit power per antenna at
PA = )10 dBm. The shade of gray at a particular value of
(x, y) indicates the channel capacity when the transmitter
is located at coordinates (x, y). The plot can be interpreted
as a top-down view of the room with the receiver located at
(2.5, 0). The capacity is primarily a!ected by two factors.
One is path loss, which causes the received signal power, and
hence capacity, to decrease as the transmitter moves farther
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Figure 3: Channel capacity under eigenmode trans-
mission scheme. Dashed lines represent the NLOS
scenario.

Figure 4: Channel capacity with eigenmode trans-
mission as a function of transmitter coordinates.

from the receiver. The second is spatial correlation, which
reduces spatial multiplexing gains. Given the proposed ar-
chitecture, we have a 32#32 channel matrix. We expect two
of the thirty-two eigenmodes to be dominant when the spa-
tial correlation between subarrays is low. This happens, for
instance, when the transmitter is placed at the center of the
room and the optimal ULA criterion is satisfied. At other
locations, however, when spatial correlation is high, the sec-
ond eigenmode becomes much weaker than the first. As the
transmitter moves from the center of the room towards the
receiver, for instance, a series of rings alternating between
low and high correlation is observed. These particular fluc-
tuations arise from the correlation in the LOS component
of the channel matrix and are independent of the multipath
environment.

Fig. 5 plots the capacity as a function of the transmitter’s
position assuming LOS blockage. As expected, the absence
of the dominant LOS signal component results in lower SNR
and capacity throughout the room. In contrast to the LOS
scenario, however, the NLOS channel does not become sig-
nificantly ill-conditioned. We observe small-scale fluctua-
tions in capacity that occur over very small distances. They

Figure 5: Channel capacity with eigenmode trans-
mission scheme assuming LOS blockage.

fluctuations are as large as approximately 2 bps/Hz and can
occur over distances on the order of millimeters. This sug-
gests that, especially in NLOS settings, the link must be able
to quickly adapt to changes in the transmitter or receiver lo-
cations if one or both of them are mobile. In practice, we
would not expect these small-scale fluctuations to exhibit the
degree of regularity seen here, due to the presence of surface
irregularities, more complex scattering environments, and
multipath reflections that are not purely specular.

4.2 Performance with Beamsteering/MMSE
Fig. 6 plots the spectral e"ciency for the beamsteer-

ing/MMSE scheme, averaged over rand omized transmit-
ter coordinates, as a function of the per-antenna transmit
power. When the LOS is unobstructed, the spectral e"-
ciency approaches the 4N bps/Hz constellation-constrained
limit at approximately PA = )5 dBm. As before, LOS
blockage significantly decreases the received SNR and ca-
pacity. Roughly 10 dBm of additional power is required to
o!set the performance degradation caused by LOS blockage.

The spectral e"ciency is plotted as a function of trans-
mitter position in Fig. 7 with N = 2 and P = )10 dBm.
The sum-rate capacity approaches the the 8 bps/Hz limit
when the transmitter is placed near the center of the room.
Uncoded data can be transmitted at a symbol error rate of
Pe ( 10"5 through 85.5% of the room and a symbol er-
ror rate of Pe ( 10"10 through 73.5% of the room. When
the channel is ill-conditioned, such as when the transmitter
is placed in one of the front corners, an adaptive link can
maintain a low error rate by increasing the transmit power,
reducing the constellation size (e.g. QPSK or BPSK), or
coding the data symbols. Rotating the transmitter to face
the receiver, rather than the front wall, reduces spatial cor-
relation at these locations.

Through 86% of the room, the transmitter beamsteers
both signals in the direction of the LOS path. If the LOS
channel component is ill-conditioned, which occurs in the
front corners of the room, the spectral e"ciency is increased
by beamsteering one or both subarrays along a reflected
path.

The spectral e"ciency in the NLOS scenario is shown
in Fig. 8. It is approximately 2 bps/Hz lower than with
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Figure 6: Spectral e!ciency for the beamsteer-
ing/MMSE scheme as a function of PA. Dashed lines
represent the NLOS scenario.

Figure 7: Spectral e!ciency of beamsteer-
ing/MMSE scheme as a function of transmitter co-
ordinates.

eigenmode transmission, and never approaches the 8 bps/Hz
limit. Reliable uncoded transmission at this rate requires an
additional 15 - 20 dBm of power. Alternatively, the trans-
mitter can introduce coding or choose a smaller constella-
tion. When the transmitter is placed near the left or right
wall, steering both beams towards the reflected path o! of
that wall is optimal. Otherwise, the beamsteering subar-
rays typically beamsteer in di!erent directions to maximize
capacity.

5. CONCLUSIONS
The array of subarrays transceiver architecture presented

here provides both directivity gain and spatial multiplexing
gain. The directivity gain implies that the transmit power
per transmit element can be reduced to levels that are eas-
ily achieved by CMOS power amplifiers, and that the chan-
nel seen by each data stream has minimal dispersion (more
study is needed as to whether temporal equalization can be
completely dispensed with). The spatial multiplexing gain

Figure 8: Spectral e!ciency of beamsteer-
ing/MMSE scheme assuming LOS blockage.

is found to be robust to LOS blockage, although adaptive
coding and modulation may be required to handle the lower
SNR in these settings. The capacity benchmark provided
by eigenmode transmission fluctuates significantly with the
location of the transmitter and receiver within the room,
but fixing the constellation size reduces these fluctuations
by capping the achievable throughput.
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