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Abstract—A unique feature of communication at milimeter up to 10.2 Gbps. For wireless links to close this gap, new
(mm) wave carrier frequencies is that spatial multiplexing wireless architectures are required.
is available for multiple-input multiple-output (MIMO) i nks With this motivation in mind, we investigate spatial mul-

with moderate antenna spacing even without a rich scatterig tinlexi to i tral effici t
environment. In this paper, we investigate the potential fo Iplexing as a means (o Increase spectral efnciency at mm-

exploiting this observation for increasing the spectral diciency Wave frequencies. We first consider the spatial degrees of
of indoor 60 GHz links. We begin by establishing limits on the freedom that are available in a mm-wave LOS environment
spatial degrees of freedom available for linear antenna amys of given linear arrays of constrained size. We find that the
constrained length. A system architecture designed to expit the physical dimensions of common consumer electronic devices
available degrees of freedom, including beamforming as wehs . . . . .
spatial multiplexing, is proposed. We evaluate the link capcity are sufficient to permit spatial muIﬂpIexmg of severalladat
achievable by the proposed architecture when operating in a Streams at 60 GHz. We then describe a system architecture
simple indoor environment. The results illustrate the reldionship that exploits the available spatial degrees of freedom. The
between between the channel quality and the relative posihs architecture, originally proposed in [3], employs a twoedke
of the transmit and receive nodes. hierarchical design that decouples the tasks of beamstgeri
and multiplexing at the transmitter. The performance of the

proposed architecture, as measured by link capacity, is sim

Wireless transmission of high-definition (HD) multimedid/latéd assuming a simple indoor environment model. The
signals is a topic of recent interest both in industry and tfgSults demonstrate that performance is dependent on the
literature. The challenge in designing wireless links té@af positioning of the tra_nsm|t a_nd receive nodes and existence
this task stems from the high data rates that must be supporf @n unobstructed line-of-sight (LOS) path between them.
In order to transmit an uncompressed 1080p HD video sign¥fé demonstrate that the impact of the node positions on
for example, a wireless transmission scheme must suppoRR&formance can be reduced by increasing the number of

data rate of at least 3.2 Gbps. antennas at the receive array.

The mm-wave frequency bands present an attractive optionThiS paper builds on an extensive body of MIMO literature

for designing multigigabit wireless links because theyeoff that began with the work of Foschini [4] and Telatar [5]. The

an abundance of unlicensed or semi-unlicensed bandwidRH'K ©f this literature has focused on spatial multiplexatg

The unlicensed 60 GHz band, for example, offers 7 GHz lgwer frequencies, for which a rich scattering environment

spectrum spanning 57 to 64 GHz in the United States. The yPically relied upon to produce a spatially uncorredate
opportunity for high data rate links at mm-wave frequencigéiréless channel. At mm-wave frequencies, on the other
is widely recognized: WirelessHD [1] and WiGig, for instanc 1and. the LOS channel component usually dominates over
represent industry-led efforts to define standard spetiizm. Multipath components due to relatively high reflection ésss
for wireless interfaces capable of transmitting uncomges "M many indoor building materials [6]. As a result, antann
HD multimedia signals at 60 GHz. Standardization effor@T@y geometry and positioning, which determine the LOS
within the IEEE 802.15.3c and 802.11 task groups are prE)hannel component, become critical factors in determining
visioning for multimedia applications at 60 GHz as wellth® suitability of a mm-wave channel for spatial multiplexi
Meanwhile, the authors of [2] report a 6 Gbps link operatin-ghe LOS channel is modeled here using a simple ray-tracing
in the nearby 81-88 GHz band. Wired interfaces, howevéPProach, although numerous other viable channel models
continue to outpace their wireless counterparts. Versigh £XiSt: An overview of common indoor channel models is
of the wired High-Definition Multimedia Interface (HDMI) Provided in [7].

supports video resolutions as high as 1600p and data rates of '€ capacity of an indoor 60 GHz MIMO link was previ-
ously studied in [8]. The authors considered relatively lkma

This research was supported in part by the National Sciemtmdation mter-ante_nna_spacmgs)(there/\ IS the carrier Wavel_ength)
under grants ECS-0636621, CCF-0729222, CNS-0520335, N8daB32154. whereas in this work, we leverage prior results showing éhat

I. INTRODUCTION



larger antenna separation (i.e. on the ordex/d), where R | ’
is link distance) is optimal for achieving spatial multipiieg T
gains over a LOS channel [9]. Additionally, greater emphasi
is placed on illustrating link performance as a function ofle
position within the environment.

The paper is organized as follows. In Section I, we describe L
a simple indoor environment and channel model. We proceed et
to estimate the potential of a LOS MIMO link to achieve -
spatial multiplexing gains given array length constrairits R 8m
Section 1I-B, we describe a simple architecture that realiz R
this potential under optimal conditions (i.e. perfect wrra )
alignment and optimal distance between nodes). The perfor- ) ' h
mance of this architecture in the previously described @mdo
environment is assessed in Section IV. It is demonstratad th
the positioning of the nodes and the existence of a LOS path
between the nodes are critical factors determining channel e
quality. Concluding remarks and future work are included in ~ " (w/2,0)
Section V. RX

Il. SPATIAL DEGREES OFFREEDOM UNDER A LINEAR Fig. 1. Top-down view of indoor environment illustrating BQand single
reflection paths.
ARRAY LENGTH CONSTRAINT

We begin this section by describing the physical indoor
wireless environment and corresponding channel model tiT&-80-90 GHz bands) as long as the LOS channel components
will be used throughout this paper. We then demonstrate thdbminate over multipath. Restricting attention to narrentb
given array length constraints appropriate to indoor @ppli signals, we model the channel as
tions, there is significant potential for spatial multiphex B
gains at mm-wave frequencies. H=Hros+Hr+Hy, @
whereHos, Hg, andHy are the contributions of the LOS
A Channe-l Model ) o ) ath, right wall reflected path, and left wall reflected path,
We consider a two-node mm-wave link operating in a simp spectively. The(m,n)th entry of H, g, representing the

indoor environment. The transmit node represents a sigRdmplex gain from theith transmit antenna to theth receive
source (e.g. cable box, laptop, etc.) and has alength 6f 3 antenna, is given by

m (we disregard its height, as we consider only two dimerssion

herein). It is equipped with aNy element linear array of hros(m,n) = we(%%’*pws(mm)) (3)
length L < L. The receive node (e.g. HD display) has a pros(m,n)
length of Lo = 1 m. It possesses a linear array/gf; elements ~ e(-i¥pros(mn)) (4)

and lengthLr < L,. The two nodes are placed in room of ) )
dimensionsw x 8 m and are aligned parallel with the frontVNereéA is the wavelength of the carrier wave aph s (1n, 1)

and back walls as illustrated in Figure 1. The receive node'fs 1€ LOS path length between theh transmit antenna

centered at the fixed coordinaté$, 0), while the coordinates and mth receive antenna. Note that the transmit power has
of the transmit node are variable and given (ayy) with P€en normalized by a factor gfLos(1,1) so that the LOS
0<z<wandd<y<S8. contnbl_Jtlon to the channel gal_n.malntalns approx!matelryw

The N x 1 received vectoy is given by power |rresp_ect|ve of the position o_f the transmit node. The

(m,n)th entries ofHr andH,, are given by

=Hx+w 1

Y o & hr(m,n) = F(QR)piLOS(L 1)6(_i27ﬂpR(m’n)) (5)

where H represents théVp x Np channel matrixx is the ’ pr(m,n)

Nr x 1 transmitted signal vectosy is an N x 1 additive

and
white complex Gaussian noise vector with covariafitg = (1,1)
Noln,, andIy, is the Np x Ny identity matrix. hr(m,n) = F(GL)MJ*Z’%”PL(W")) (6)
The channel matrixH is modeled using a ray-tracing pr(m,n)

approach that includes LOS paths and rays reflected onceredpectively, wherer(m,n) (pr(m,n)) is the length of the
either side wall. Higher order reflections are disregardetlis path from thenth transmit antenna to the point of reflection on
simulation due to the additional path loss and reflectios lothe right (left) wall and then to the:th receive antenna. The
they incur, as well as the directionality of the antennasdo fangles of incidence off the right and left walls are giverflay
considered. While we focus on 60 GHz links throughout thiendf;, respectively. An expression f@¥(#), the perpendicular
paper, the results can be extended to other frequencies (Erg@snel reflection coefficient, can be found in [6].



B. Size-Based Limit on Spatial Multiplexing

90 T

. Number‘of domina‘mt singuI;r values
A MIMO channel offers a degree-of-freedom gain when th g0l Wavevector-aperture product
. . . . . . . —0— leigh criteri i
spatial dimension is exploited. This is achieved through- sp O Reyleigh crterion estmate

multiple data streams. Using the singular value decomipasit
of the channel matriH, Telatar demonstrated that the MIMO
channel can be decomposed into parallel, non-interferi
single-input, single-output (SISO) channels [5]. The c¢ian
gains are specified by the singular valuedhfdenoted by;
with ¢ = 1,..., min(Nyp, Ng). The distribution of the singular
values and the method of transmit power allocation detezmi 20¢ 8
how many of the available spatial channels provide adequi ol )
gain to support data streams.
It is known that the antenna array geometry, the number % I p 3 7 s 5 7 8
antennas, and the scattering environment are limitingofact Link range (m)
to number of spatial degrees of freedom [10]. At lower fre-
guencies, a rich scattering environment is critical to pigddg  Fig. 2. Spatial degrees of freedom in a LOS environment giverar arrays
a spatially uncorrelated channel conducive to multiplgxin©f lengthsiz =1/3 m andLp =1 m. and a carrier frequency of 60 GHz
At 60 GHz and above, however, multipath is attenuated by
high reflection loss and cannot be relied upon to provide an
uncorrelated channel. Fortunately, the carrier wavelerait
these frequencies is small enough that moderate separatiom the previous section, we demonstrated that numerous
between antenna elements is sufficient to allow multipigxinspatial degrees of freedom are attainable in a LOS envirahme
even in purely LOS environments [3] [9]. using linear antenna arrays constrained in length to thaiphy
To characterize the multiplexing capability of the indoogal dimensions of typical consumer electronics. Howeves, t
link, we seek the maximum number of spatial channels thatrays under consideration consisted of an impracticaligd
can be achieved given a constrained array size. We assumigber of antenna elements. In this section, we demonstrate
that a linear array of half-wavelength spaced antenna eitamethat the number of antenna elements can be reduced signif-
extends across the entire length of each node. We considé¢antly while preserving all available degrees of freedoyn b
carrier frequency of 60 GHz with a wavelength)of= 5 mm. using optimal antenna spacing. We then consider an example
There are therVy = |22 | = 134 elements in the transmit mm-wave MIMO architecture that applies this result.
array andNi = L%J = 403 elements in the receive array, . . .
where || is the largest integer less than or equalitoTo A+ Optimal Array Configurations
derive a result independent of a specific physical enviraitme When N and R are known, the inter-antenna spacing of
we consider only the LOS componeHt; s of the channel a uniform linear array (ULA) can be chosen such that the
response. We observe that some singular valudd ofs are columns of H;os (the receive array responses to various
orders of magnitude larger than the rest. These representtfansmit elements) are orthogonal. This array configunatio
spatial channels over which data can be transmitted rgliabinaximizes the LOS channel capacity. The minimum spacing
We define a singular value as dominantff > Ng. Figure 2 that achieves this condition is given by the Rayleigh sp@cin
plots the number of dominant singular values as a functi@niterion:

tial multiplexing, which permits simultaneous transmissbf or \
60

Spatial degrees of freedom
B
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L

I1l. EXAMPLE MM-WAVE MIMO SYSTEM

of link range, assuming the two arrays are aligned to the drdp = RA (7)
broadside of one another. We observe at least ten dominant N
singular values over the range of interest. where dr is the distance between adjacent transmit array

This result is consistent with the wavevector-apertur@proelements andy, is the distance between adjacent receive array
uct, a measure of degrees of freedom of a MIMO linklements [9] [3].
proposed by Pooat al.[10]. The wavevector-aperture product Array lengths are given by.r = dr(N — 1) and Ly =
is min(|Ar||Qr|, | Ar||Qr]), where A (Ag) is the effective dr(N—1). By substituting these values into (7) and solving for
aperture of the transmit (receive) antenna array scaled Wy we produce an alternate estimate of the maximum number
wavelength, andQr| (|Qr|) is the angular spread of theof degrees of freedom available over a LOS channel given an
physical environment in solid angle as seen by the trareray length constraint. This yields
mitter (receiver). Specializing to the given scenario, ve®eh

|AT| = LT//\, |.AR| = LR//\, |QT| = 2tan71 (g—g), and . 1 LTLR LTLR 2 9
|Qr| = 2tan~' (4% ), whereR is the link range. The degrees No= 3 2+ N A G\ -2 @
of freedom as given by the wavevector-aperture product are LrLg

plotted in Fig. 2. ~ e T2 9)



LENGTHS OFRAYLEIGH-SPACEDULA S OPTIMIZED FOR A60 GHz

TABLE |

CARRIERANDR =5M

N 2 3 4 5 6
d(m) | 111 91 79 70 6.4
L(cm) | 11.1 182 23.7 28.0 32.(
?EIW Y[
Mod. e |4
§r B
—
—{om | £
- 3 :
L1 il
g 0
gLy 1

full channel state information is assumed. The receivesvuec
ers a noisy estimate of the two transmitted signals usintigdpa
equalization, i.e. a zero-forcing (ZF) or minimum mean-
squared error (MMSE) filter, BLAST, etc. Although modern
receivers often perform channel estimation and equatizati
in the digital domain, such an approach here would require
N M high-speed, high-precision analog-to-digital conveter
If a linear spatial equalizer (i.e. ZF or MMSE) is used,
however, spatial equalization can be performed using gnalo
hardware prior to digitization. This approach, which logsdre
number of high-speed ADCs and relaxes their performance
requirements, has been demonstrated using a four-channel
hardware prototype in [11].

The input to the spatial equalizer is given by

Fig. 3. Example mm-wave MIMO architectur&/-element subarrays provide
directivity, while the array of subarrays provides spairalltiplexing gains.

y:HAs—l—W:I:Is—i—W

(10)

where s is an N x 1 data vector,A is an NM x N
steering matrix, andd = HA is an NM x N equivalent
Due to approximations used in deriving the Rayleigh spacigjannel matrix combining the propagation environment and

criterion, this estimate holds only wheR > max(Lr, Lg).
N is plotted forLy =1/3m, L =1m,andl.3m< R <8
m in Fig. 2, where it is referred to as the Rayleigh criterion
estimate. We observe that a Rayleigh-spaced array offers
degrees of freedom usiny antennas per array.

Fig. 2 indicates that ten or more spatial eigenmodes are
available to our example 60 GHz link. In practice, however,
cost and complexity considerations, rather than array, size
may be the limiting factors determining a link’s multiplagi

the steering matrixA is given by

r e—iwcos(91) 0 7
e—iﬂ'MICOS(el) 0
A= 0 e—iﬂ'cos(Gg) (11)
(.) e—iTrM.Cos(Hg)_

capability. Assumingir = dr = d, Table | lists the optimal whered; is the direction in which théth subarray is steering.
inter-element spacind and overall array lengtli. for arrays Given a linear spatial equalizer, the equalizer output is

r=Cly=cH (I:Is—l-w)

of two to six elements. The arrays have been optimized for a
link range of 5 m and a carrier frequency of 60 GHz according
to (7).

(12)

where equalizer coefficients are given @y We will assume

The optimal antenna spacing assumes the link rafige herein a linear MMSE equalizer with coefficients given by

known and fixed. In practice, however, the link should operat
reliably throughout the indoor environment. The perforgen
of the link over a variable link range is considered in Sattio

2 _
V. whereo; =

L
NM

. A -1
CMMSE = (O’fHHH + NOINM) oiH

(13)

is the per-antenna transmit power assuming

equal power allocation ang is a total power constraint. The

B. Example System Architecture

We now describe a mm-wave architecture that perforne$ the equalizer is given by

of|cf Hy |2

beamsteering and spatial multiplexing in a two-level hier-
archical fashion. Each array hd§ elements separated by
distanced chosen according to (7). Each element is actually

Ve = ~
op ek |5 Hi 2 + Noci ek

a half-wavelength spacetl/-antenna subarray, which can bevherec, is the kth column of Cypysk.

implemented as a monolithic microwave integrated circuit The capacity of this system, given the constraints of equal
(MMIC). This array-of-subarrays approach provides theesec transmit power and linear MMSE spatial equalization, isegiv

sary directivity to attenuate unwanted reflections frontigga by
lobes when the LOS path is present. On the other hand, if the

LOS path is blocked, the subarrays can be used to beamsteer

the signal along reflected paths. Figure 3 depictsxa2 link
with M = 3.

N

C= Zlogz (1+)

k=1

signal to interference and noise ratio (SINR) at kftle output

(14)

(15)

The capacity is the maximum rate of communication per

The transmitter, which has limited knowledge of the chammnit bandwidth for which the error probability can be made
nel, sends a single data stream from each subarray. ®wbitrarily small. In the following section, we will compat
transmitter subarrays obey a linear phase profile and aee tllie capacity when this architecture is paired with the imdoo
limited to beamsteering in a given direction. At the receiveenvironment model of Section II-A.
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Fig. 4. Capacity as a function of transmitter position fag thx 2 system. Fig. 5. Capacity as a function of transmitter position whiea LOS path is
blocked for the2 x 2 link. To compensate for reflection loss, transmit power
has been increased by 10 dB.

IV. NUMERICAL RESULTS

In this section, we compute the channel capacity give 1 ‘ ‘ ‘ ‘ Ay S
by (15) assuming the proposed architecture operates in ool iihfgsw;i?m ) N J ,
environment described in Section II-A. We assuiNe= 2 S LOS,w=6m ro

. . 08H — 8 —NLOS,w=6m / i 4
subarrays per node separated #iy= 0.11 m, which is LOS,w=8m P
optimal at link rangeR = 5 m according to (7). We assume o7fl= - -NOSw=gm[ | ! 1
each subarray consists dff = 5 half-wavelength spaced ]
antenna element®/N, is 10 dB. The reflection coefficientis |
computed using a complex dielectric constant ef €, — jo A, §
where e = 4.44 and ¢ = 0.001 are chosen as suitable 3 il
parameters to model plasterboard walls [8]. The dimensio 1
of the room are 8 m by 8 m. The receiver is centered |
coordinates (4, 0) m and the capacity is calculated whi
the transmitter is centered at coordinatesy) with 0 m 1
< Y <8m. . . 0 4 6 s 10 12 14 16 18 20

Fig. 4 plots the channel capacity as a function of the trahsr C,, (bpsiHz)

array coordinates. The transmitter beamsteers each signal

the direction that maximizes capacity. This generally t8SUFig. 6. CDF of the link capacity assuming uniform random praent of

in steering both signals along the LOS path to the receivéhe transmit node. The distance separating the front ank wads is 8 m,

However, the LOS component of the channel matrix becom|idfs e dtaice separainy e 3cc uals = gueny o8 ndcats b

ill-conditioned at certain positions (e.g., positions itaded power is increased by 10 dB in the NLOS cases.

by dark rings), leading to a drop in capacity. At some of

these positions, steering one or both beams in the direction

of reflected paths increases capacity. m. We observe that when the LOS path is unobstructed, the
If the LOS path between the transmitter and receiver @apacity is largely independent of due to the dominance

blocked, the channel quality may be degraded significantlyf the LOS component in the channel model. When the LOS

We model this scenario by removing the LOS component fropath is blocked, however, the capacity is inversely prapoa

the channel matrix, resulting ill = H;, + Hg. Fig. 5 plots to w. This is due to an increased average path length and

the capacity assuming a non line-of-sight (NLOS) channelngle of incidence when the distance between the side walls

The transmit power has been increased by 10 dB to offsstincreased.

reflection losses. The channel quality is highly dependent o We further observe from Fig. 6 that there is a positive

the transmitter position when the LOS path is blocked. probability that the capacity will go nearly to zero when
Fig. 6 plots the cumulative distribution function (CDF) ofthe LOS path is blocked. This occurs when the transmitter

the capacity assuming the transmitter coordindteg/) are attempts to multiplexV signals over a channel with fewer than

chosen at random. Results are also provided wherthe N non-zero eigenvalues. In this case, it would be preferable t

distance separating the side walls, is reduced to 4 m andr&nsmit a single data stream from each set of highly-cateedl
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V. CONCLUSION

Our simulation results indicate that spatial multiplexisaigy
60 GHz is feasible in an indoor MIMO environment. Although
the channel capacity is sensitive to the relative positiohs
the nodes, we have demonstrated that this sensitivity can be
reduced by increasing the number of antennas at the receiver

v (m)
Y

a, _.
Capacity (Bps/Hz>

X {m)

The proposed system architecture, which relies on limited
channel knowledge at the transmitter (i.e. knowledge of the
directions of the LOS and reflected paths), can successfully
multiplex data streams across the spatial dimension in the
environment considered here.

In this work, we restricted attention to a narrowband
channel. However, the 60 GHz band is characterized by its
2 abundant bandwidth. Assuming multigigabit signaling over
a large bandwidth, the delay spread due to the multipath
components can grow to 10s of symbols in length. Wideband
system design and performance calculations are topics for
future work.

It was shown that the channel degradation can be significant
when the LOS path is blocked due to an obstruction. In

Fig. 7. Capacity as a function of transmitter position foe thx 3 system.
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Fig. 8. Channel capacity as a function of transmitter pmsitvhen the LOS [4]

path is blocked for the x 3 link. To compensate for reflection loss, transmit
power has been increased by 10 dB.

(5]

(6]

subarrays. 7]

In order to improve the robustness of the link, the receiver
may be equipped with additional antennas/subarrays. This
will decrease the probability of the LOS component of the
channel response from becoming ill-conditioned. To iats, (€]
we modify the receiver by placing a third subarray between
the original two subarrays. The channel capacity of this3
link is plotted as a function of transmitter position in Fig. [
Spatial correlation is reduced in the LOS component of the
modified channel matrix. As a result, link performance isle$10]
dependent on the positioning of the transmit and receivesiod
when the LOS path is available. In the NLOS scenario, plotted;
in Fig. 8, the effect of the additional receive subarray ssle
pronounced.

future work, more accurate and elaborate channel models
and simulated environments can be used to better assess link
performance in the absence of a LOS path. Further, various ar
ray geometry effects, including co-polarization patteptsase
patterns, and non-isotropic gain, can be considered.
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