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Multipoint Multichannel Distribution Service
at 155 Mbit/sec in 4.6 MHz: an Experimental

Prototype Based on Wave�eld Modeling
Max Martone, Member, IEEE

Abstract|We report the results of some experimental out-
door �eld trials which demonstrate the hardware feasibil-
ity of �xed broadband wireless radio links with spectral
e�ciencies in excess of 50 bit/sec/Hz in non line-of-sight
environments with frequency selective multipath. Custom
hardware has allowed data transmission in the range 60-200
Mbit/sec occupying a bandwidth of 2-4.6 MHz at MMDS
frequencies [' 2:5GHz]. Moreover; using calibrated antenna
collections and sequential spatio-temporal channel estimates
in a static environment;we have evaluated transmission with
antenna arrays with up to 40 transmit elements and up to
60 receive elements. This last experiment [completed in
November 2000] demonstrates the possibility of a 1 Gbit/sec
wireless transmission with a raw spectral e�ciency of about
208 bit/sec/Hz. While a similar system developed at Bell

Labs (known as BLAST) has moved a fundamental step to-
ward the introduction of a technology which may play a key
role in future wireless systems; we believe our work extends
in many signi�cant ways that initial investigation. First;
we overcame the problem of handling a frequency selective
channel (as opposed to at fading): this allowed the study
of a larger bandwidth (2-4.6 MHz as opposed to 30 KHz);
the experimentation of an outdoor channel and the achieve-
ment of signi�cantly higher data rates [of interest in �xed
wireless broadband applications]. Second; we have made a
conscious e�ort to design a system where low-cost RF front-
ends especially targeted to multiantenna systems could be
used. We also introduce a new modeling methodology in-
spired by basic physics which gives a di�erent and practical
perspective to the spatio-temporal transmission problem.

I. Background

Broadband connectivity has been considered the future
of the telecommunications industry for decades and it typ-
ically refers to those data services operating at data rates
in excess of 1.544 Mbit/sec (known as T-1 rate). While the
theoretical foundations of high data rate digital commu-
nications are appearently well-known; there has not been
any practical solution to implement the massive amount
of signal processing required to operate reliably over the
poor quality "last-mile" channel. The principal obstacle
to mass deployment of broadband data services is without
any doubt cost. The wireless terrestrial transmission me-
dia presents probably the most di�cult challenges. Sev-
eral types of solutions are being proposed and initially
deployed. The Multipoint Multichannel Distribution Ser-
vice (MMDS) uses microwave transmission at frequency
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approximately around 2.5 GHz. It is currently envisioned
by the wireless communication industry that the MMDS
system can broadcast video; voice and data; allowing for
interactive communications. MMDS o�ers a maximum of
33 analog video channels in about 500 MHz and a cell ra-
dius approximately 25 to 30 miles. Given the evolution
of digital systems; MMDS could provide 2-way connec-
tivity and transport to the transmission nodes enabling
ATM or SONET networks. One of the drawbacks of
the system is that MMDS relies on traditional high ca-
pacity microwave technology which requires Line of Sight
transmission and the development of high-performance RF
[Radio Frequency] circuitry. This last factor has a dra-
matic impact on the cost of the Customer Premises Equip-
ment and appears to preclude the successful application of
the idea to the residential market. In the United States
there are several independent industry e�orts that have at-
tacked the problem of high data rate in Non Line of Sight
(NLOS) at MMDS frequencies. Members of the Broad-
band Wireless Internet Forum (BWIF) are committed to
sponsor the availability of interoperable solutions based on
Coded OFDM (Orthogonal Frequency Division Multiplex-
ing) technology; inspired to the DVB (Digital Video Broad-
cast) European standard [2]. Products are available now
for point to point radio links where the data rate is up to
about 25 Mbit/sec in 6 MHz. The use of 2 antennas is
exploited only for traditional diversity gain at the receiver.

The Wireless DSL Consortium is fundamentally compet-
ing for the same market. The consortium of companies part
of Wireless DSL share the goal of providing timely multi-
vendor solutions for the 2 to 4 GHz Point-to-Multipoint
Broadband Wireless Access market. To accomplish that
goal; the Consortium will pursue a standard based on
a physical layer that is a multi-carrier based technology
augmented by a system incorporating smart antennas to
enable full NLOS operation; otherwise known as MIMO-
OFDM (multiple-in multiple-out orthogonal frequency di-
vision multiplexing).

Multicarrier systems of the OFDM-type perform a fre-
quency domain decomposition of a channel characterized
by frequency selective distorsion in a multitude of subchan-
nels that are a�ected by frequency at distorsion. The dis-
torsion in each independent subchannel can then be com-
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pensated by simple gain and phase adjustements; somehow
overcoming the need of one of the most complex compo-
nents of a digital modem: the equalizer. On the other hand;
coding and transmission power assignments can be applied
across the subchannels in a way that resembles the Shan-
non water pouring argument. As the bandwidth of the sub-
channels is made su�ciently small one can in principle

asymptotically reach the channel capacity. This is a rel-
atively old idea which attracted a signi�cant interest in
recent years. What is typically neglected in the evalua-
tion of OFDM is that an expensive implementation of the
analog RF front-end is extremely critical to the asymp-
totic behavior of multicarrier transmission. Multicarrier
signals; in fact; exhibit extreme vulnerability to distor-
sions induced by RF electronics. So while able to cope
at baseband with channel time dispersions quite e�ectively
(in terms of computational complexity); multicarrier tech-
niques require an increased cost at the RF subsystem level.
This is in opposite direction with respect to single-carrier
modulations with traditional time-domain equalization. In
other words single-carrier schemes appear to be more de-
manding in terms of DSP resources but the RF front-ends
require less stringent speci�cations. This problem is even
more evident in Multi-antenna transmission systems. The
idea that multiple transmit/receive antennas have a sub-
stantial bene�t on the achievable data rate in multipath
fading environment has attracted remarkable interest in
recent years at least in the research community [4]; [5];
[6]. Since it is possible to expect an increase in data
throughput directly proportional to the number of sensors
at the antenna arrays without any penalty in power and
bandwidth; this technology appears to be a winning solu-
tion in many short and long-range wireless communications
applications. However the cost increase of the transceiver is
proportional to the number of antennas used by the system
because the transceivers have multiple RF and DSP pro-
cessing branches. Ultimately such a dilemma has slowed
down many inititatives in industry. At Lucent; a system
called BLAST (Bell-Labs Space-Time Architecture) was
developed for a non-frequency selective; static (typically
indoor) environment with 30 KHz bandwidth [3]. Despite
the undeniable value of that �rst study it is not di�cult to
see the restricted applicability of the investigation. While
the BLAST group has moved a fundamental step toward
the introduction of a technology which may play a key role
in future wireless systems; we believe our work extends
in many signi�cant ways that initial investigation. First;
we overcame the problem of handling a frequency selec-
tive channel (as opposed to at fading): this allowed the
study of a larger bandwidth (2-4.6 MHz as opposed to 30
KHz); the experimentation of an outdoor channel and the
achievement of signi�cantly higher data rates [of interest
in �xed wireless broadband applications]. Second; we have
made a conscious e�ort to design a system where low-cost

RF front-ends especially targeted to multiantenna systems
could be used. In this paper we describe and discuss the
results of the experimental outdoor �eld trials which have
demonstrated the hardware feasibility of �xed broadband
wireless radio links with spectral e�ciencies in excess of
50 bit/sec/Hz in severe multipath environments. Wireless
data transmission in the range 60-200 Mbit/sec occupy-
ing a bandwidth of 2-4.6 MHz at 2.5 GHz is achieved. We
also introduce a new modelingmethodology inspired by ba-
sic theoretical physics which gives a di�erent and practical
perspective to the spatio-temporal transmission problem
and as a byproduct a new class of methodologies which
we have de�ned STREAMTM (Spatial Transmission with
Radio Enhanced Adaptive Modulation).
The paper is organized as follows. In Section II we

describe the problem of communicating in space-time by
means of wave�eld modeling. In Section III we describe
how wave�elds can be e�ectively represented; while in Sec-
tion IV we briey detail a possible detection strategy. Sec-
tion V focuses on the hardware description and the presen-
tation of the experimental results.

II. Spatio-Temporal Wavefield Modeling

In the context of spatio-temporal processing one is typi-
cally interested in wave�elds e(t; r) propagating according
to the wave equation�

r2 �
1

c2
@2

@t2

�
e(t; r) = 0 (1)

where c is the velocity of propagation of the medium; r
identi�es the spatial location (2-D [r = (r; �)] or 3-D [r =
(r; �; �) ]) of the propagating wave; t identi�es the temporal
location of the propagating wave. Assuming that the wave-
�eld has a Fourier representation e(t; r) =

R
d!E(!; r)ej!t;

each Fourier component satis�es the source-free Helmholtz
equation [1] �

r2 + K2
�
E(!; r) = 0; (2)

where K = !
c
is the wavenumber associated with c: In par-

ticular we are interested in wave�elds generated by linear
space-time models expressed as

s(t; r) =

Z
T

Z
�

h(t; �; r; r0)x(�; r0)dr0d� (3)

where h(t; �; r; r0) is the time-variant/space-variant wave-
�eld response of the channel (assumed space-time
selective); T is the time interval of interest and � is the
spatial volume of interest. Observe that r is a 3-D or 2-D
parametrization of the spatial domain. Roughly speaking
h(t; �; r; r0) describes the space-time response of the system
to an impulse generated at time t [as measured at delay � ]
and spatial location r0 [as measured at location r]. If the
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channel is time-invariant [h(t; �; r; r0) = h(t � �; r; r0) ] we
obtain a simple model for the wave�eld of interest

S(!; r) =

Z
�
H(!; r; r0)X(!; r0)dr0; (4)

where x(t; r) =
R
d!X(!; r; r0)ej!t; h(t; r; r0) =R

d!H(!; r; r0)ej!t:
Assuming a far�eld scattering model we can write

H(!; r; r0) as a a superposition of plane waves

H(!; r; r0) =

Z
�

Z
�

dd0�h(; 
0; !)ejr�̂Kejr

0
�̂0
K

where:
� � is the set of possibles directions of arrival;

� =

�
� 2 [��; �] if 2-D

� 2 [0; �]; � 2 [��; �] if 3-D

�  and 0 are points in �;
� ̂ and ̂0 are unit vectors pointed in the directions 
and 0;

� �h(; 0; !) is a scattering radiation density.
X(!; r) is expressed as

X(!; r) =

NtxX
n=1

qn(!)�(r� rn)

where Ntx is the number of elements at the transmit array;
qn(!) are the Ntx information bearing signals transmit-
ted at the Ntx elements of the transmit array; rn; n =
1; 2; :::; Ntx are the locations of the elements in the trans-
mit array.
Since a plane wave ejr�̂K is solution of the Helmoltz

equation; �h(; 0; !) is an arbitrary complex function fully
speci�ed by the spatio-temporal propagation modes of the
channel. With the addition of spatially and temporally
white noise1 we have

R(!; r) = S(!; r) + N (!; r) (5)

For simplicity of notation from now on
we will drop the explicit dependence on !:
We expand the scattering radiation density with a com-

plete and orthogonal (2-dimensional for 2-D propaga-
tion or 4-dimensional for 3-D propagation) basis [denoted
fn;m(; 

0)],

�h(; 
0) =

X
n

X
m

 n;mfn;m(; 
0) (6)

where  n;m are coe�cients of the expansion given by

 n;m =

Z
�

Z
�

dd0�h(; 
0)f�n;m(; 

0):

1Noise is also seen as a wave�eld N(!; r) =
R
�
d�n(; !)ejr�̂K

with its own radiation density �n(; !):

Using (6) we obtain

H(r; r0) =
X
n;m

 n;mHn;m(r; r
0)

where

Hn;m(r; r
0) =

Z
�

Z
�

dd0fn;m(; 
0)ejr�̂Kejr

0
�̂0
K:

So we can express

S(r) =
NtxX
k=1

qk
X
n;m

 n;mHn;m(r; rk): (7)

Now consider the receive array as a sampling operator: from
S(!; r) it returns a vector s(!) of measurements (the array
output)

s = AR � S(r) (8)

where AR is the array sampling operator [a vector valued
linear and continuous functional]. De�ne aR;n;m;k as the
response of the receive array to a wave�eld of the form
Hn;m(r; rk);

aR;n;m;k = AR � Hn;m(r; rk):

From the linearity of the sampling operator we get

s = AR � S(r) =
X
k

qk
X
n;m

 n;mAR � Hn;m(r; rk)

=
X
k

qk
X
n;m

 n;maR;n;m;k =
X
k

qkAR;k	; (9)

where 	 is a vector of coe�cients  n;m and AR;k is a
matrix of vectors aR;n;m;k ordered as to properly representP

n;m  n;maR;n;m;k = AR;k	:
Considering the additive noise we obtain the following

spatio-temporal model

r =
X
k

qkAR;k	+ n: (10)

The value of (9) is that it decouples completely the e�ect
of the spatio-temporal channel and the parameters of the
transmit/receive array. The vector 	 fully captures the
spatio-temporal channel. An array of isotropic elements in
a 2-D spatial representation gives

[aR;n;m;k]l = Hn;m(rl = (rl; �l); rk = (rk; �k))

where rl = (rl; �l) is the location of the lth element in the
receive array and rk = (rk; �k) is the location of the kth
element in the transmit array.
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III. Wavefield Representations Based on Fourier

Spatial Expansion

The selection of a basis that parsimoniously represents
the radiation density is a critical component of the tech-
nology we introduce. One straightforward representation
for the "channel" wave�eld can be used employing Fourier
bases. Consider the 2-D case with

fn;m(; 
0) =

1

2�
ejn�ejm�0

: (11)

The basis set Hn;m (r; r0) can be written [1]

Hn;m (r = (r; �); r0 = (r0; �0)) =

Z 2�

0

Z 2�

0

d�d�0

ejKrcos(���)�jn�ejKrcos(�
0
��0)�jm�0

= 2�jn+mJn(Kr)Jm(Kr
0)e�j(n�+m�0); (12)

where Jn(Kr) is the Bessel function of the �rst kind. So
we obtain

[aR;n;m;k]l = 2�jn+mJn(Krl)Jm(Krk)e
�j(n�l+m�k)

l = 1; 2; :::;Nrx; k = 1; 2; :::; Ntx: (13)

It is worth to examine in more detail the relationship of
the wave�eld model with the traditional model based on
manifolfds. De�ne aR() and aT () as the manifolds of
the receive and transmit array [ in other words [aR()]m
and [aT ()]m are the responses of the m-th sensor to a
plane wave propagating in the direction ]. Since

aR() = AR � e
jKr�̂

and

aT () = AT � e
jKr0

�̂0

where AR and AT are the array sampling operators [re-
ceiver and transmitter respectively]; we get

aR;n;m;k = AR �

Z
�

Z
�

dd0fn;m(; 
0)ejr�̂Kejrk�̂

0
K

=

Z
�

Z
�

dd0fn;m(; 
0)aR() [aT (

0)]k :(14)

This says that [aR;n;m;k]l is the Fourier decomposition of
the product between the manifolds of the transmit and
receive arrays which implies

AR;kw;0 = aR() [aT (
0)]k

where w;0 is a vector organization of the basis functions
f�n;m(; 

0):

IV. Detection

For simplicity we consider the uniform linear array
con�guration; both at the transmitter and at the receiver.
We then have

[aT ()]k = ej
2�

�
(k�1)dT sin� k = 1; 2; :::;Ntx

and

[aR()]k = ej
2�

�
(k�1)dRsin� k = 1; 2; :::;Nrx

where dT and dR are element separations; respectively
at the transmitter and at the receiver arrays and � is
the carrier wavelength. These expressions can be used in
(14) and numerical computation of aR;n;m;k can be per-
formed. The vector 	(!) can be truncated to 4N + 2

terms [ �N;�N (!); :::;  N;N(!)]
T
: According to the Maxi-

mum Likelihood (ML) principle the optimal estimation of
the channel parameters can be obtained maximizing

LN (	) = �

NrxX
i=1

�����[r]i �
"X

k

qkAR;k	

#
i

�����
2

= �jjr�
X
k

qkAR;k	jj
2

= �jjr� S	jj2; (15)

which is obtained as 	̂ =
�
S
H
S
��1

S
H
r: The matrix S is

formed from appropriate training data.
Recall that (10) is function of the frequency. The trans-

mitted signals can be expressed in the time domain as

~qk(t) =
X
l

ak(l)pk(t� lTs)

=
X
l

ak(l)pk;l(t) =

Z
d!qk(!)e

j!t; (16)

where ak(l) is a QAM symbol; Ts is the symbol period and
pk(t) a pulse shaping �lter. Denoting convolutions as �; we
have

ri(t) =
X
k;l

ak(l)
X
n;m

~aR;k;n;m;i(t) � ~ n;m(t) � pk;l(t) + ~ni(t)

where

~aR;k;n;m;i(t) =

Z
d! [aR;n;m;k(!)]i e

j!t

ri(t) =
R
d! [r(!)]i e

j!t; ~ni(t) =
R
d! [n(!)]i e

j!t and
~ n;m(t) =

R
d! n;m(!)e

j!t:
The connection with the commonly assumed MIMO

(Multiple Input Multiple Output) model (see for example
[8]; [9]; [11]; [10])

ri(t) =

NtxX
k=1

+1X
l=�1

ak(l)hk;i(t � lTs) + ~ni(t); i = 1; :::; Nrx
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is evidently obtained as

hk;i(t) =
X
n;m

~aR;k;n;m;i(t) � ~ n;m(t) � pk(t);

or in the frequency domain

Hk;i(!) =
X
n;m

aR;k;n;m;i(!) n;m(!)Pk(!);

where pk(t) =
R
d!Pk(!)ej!t; and [aR;n;m;k(!)]i =

aR;k;n;m;i(!): At this point we can look for the opti-
mum MMSE (Minimum Mean Square Error) linear �lter
Wk;i(!); whose Ts-spaced sampled output can be expressed
as

Zk(!) =
+1X

m=�1

NrxX
i=1

Wk;i(! � 2�m=Ts)Ri(! � 2�m=Ts):

We have considered spectrum folding due symbol-rate sam-
pling and used the notation Ri(!) = [r(!)]i. The Mean
Squared Error is written as

MSEk = Ts

Z +2�=2Ts

�2�=2Ts

E
n
jZk(!) �Ak(!)j

2
o
d!;

where Ak(!) is the Fourier domain representation ofP+1
m=�1 ak(m)�(t �mTs): For simplicity we assume that

there is no excess bandwidth; that is that Pk(!) is exactly
bandlimited to the Nyquist bandwidth. Since we have

Hk;i(!) = 	(!)
T
aR;k;i(!)Pk(!) = aR;k;i(!)

T
	(!)Pk(!)

we can compact in vector notation

Hk(!) = AR;k(!)	(!)Pk(!) (17)

where

Hk(!)
T = [Hk;1(!);Hk;2(!); :::;Hk;Nrx

(!)] :

Basically the expression (17) states that Hk(!) is in the
subspace spanned by the columns of AR;k(!) which forces
the channel vector to lie in the appropriate a-priori known
subspace: the subspace of the baseband channels generated
by plane waves obeying the Helmoltz equation. Compared
to unstructured methods [8]; [14]; this channel parametriza-
tion in practice reduces the Mean Square Error of an
MMSE detector computed using (17). On the other hand
the structure of the model is such that no estimation of
angle of arrivals or channel gains is necessary.
The optimum linear MMSE �lter is obtained from

Wk(!) = [Wk;1(!);Wk;2(!); :::;Wk;Nrx
(!)]

T

= [RH (!) +RN (!)]
�1
Hk(!)

= R(!)�1AR;k(!)	(!)Pk(!) (18)

where [RN (!)]m;n = E fNn(!)N�
m(!)g with [n(!)]m =

Nm(!) 2 and

RH (!) =
NtxX
k=1

Hk(!)
�
Hk(!)

T

=
NtxX
k=1

AR;k(!)
�
	(!)�	(!)TAR;k(!)

T jPk(!)j
2:

(19)

The evident problem is that the expansion of �h(; 0) is
exact only with an in�nite number of components in	(!):
Reducing the number of components in 	(!) one could
trade o� bias and variance [7] of the reconstruction error.
The MMSE �lters can be implemented in the time-domain
or in the frequency domain. The preferred implementation
used in the experimental prototype is a multirate architec-
ture [13]. The length of the expansion in (17) used in the
hardware experiments is N = 64.

V. Description of the Hardware Architecture

WJ Communications Inc. (WJCI) has developed a hard-
ware prototype which enabled up to 6-12 transmit antennas
and 12-24 receive antennas over a bandwidth up to 5 MHz;
with an approximate power at each transmit antenna equal
to 25 dBm and at 2.5 GHz. We point out that the BLAST
prototype presented in [14] covers approximately 1 % the
bandwidth of our prototype and it explores the indoor at
channel at PCS frequencies (' 1:9GHz). Fig. 1 and 2
show the architecture of the transceiver.
The transmit and receive antennas (Gain = 7dBi; 70o

azimuthal 3-dB beamwidth; 60o vertical beamwidth) are
connected to the site RF distribution (not shown for sim-
plicity). The Wideband RF Modules (one per antenna;
see Fig. 1) are in charge of �ltering; amplifying; downcon-
verting and digitizing the RF spectrum of interest. The
wideband receiver is designed to be driven from a site RF
distribution network and minimizes this interface requir-
ing a single; low gain RF feed per antenna element. High
dynamic range ampli�ers and mixers are utilized to obtain
a large instantaneous dynamic range preserving signal �-
delity. The signal as collected by the antenna is �ltered
and ampli�ed. It is then mixed by a �rst Local Oscillator
and �ltered; ampli�ed and mixed down to zero IF (Interme-
diate Frequency) by an analog quadrature downconverter.

2The modi�cation of these expressions for the excess-bandwidth
case can be easily determined considering the folded spectra for the
channels Hk;i(! � 2�m=Ts) and noise Ni(! � 2�m=Ts); for m =
�J;�J + 1; :::; J:

Hk(!)
T =

�
Hk;1(! � 2�J=Ts); :::;Hk;Nrx

(! + 2�J=Ts)
�
;

where 2�J=Ts is large enough to cover for the excess bandwidth of
Pk(!):
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Fig. 1. The Hardware architecture of the Transceiver (receiver section) developed by WJ Communications. DSP data ow is only shown at
the functional level.

Fig. 3. The antenna used in the prototype and its radiation pattern
(horizontal and vertical). On the right the 6 antennas arranged
in a linear array. The extra-antenna on top is used for burst
synchronization purposes.

Receiver (and Transmitter) architectures can be broadly
divided in IF topologies and Zero IF (ZIF) topologies. IF
receivers downconvert the wanted signal from its carrier
frequency by mixing with a single sinusoidal signal. The
signal can be demodulated at the IF or further �ltered and
downconverted. The main disadvantage of IF receivers is

that apart from the wanted signal also an image signal is
downconverted to IF. If we de�ne fIF the IF frequency and
fc the carrier frequency; this image frequency is situated3

at fc� 2fIF : The suppression of the image frequency com-
ponents is typically done by means of a high frequency
�lter before downconversion. This �lter unfortunately has
typically very stringent speci�cations (high Q and high or-
der even for low fc=fIF ratios) which makes the overall
RF frontend expensive and vulnerable (because made of
discrete components that have to be tuned in production).
Moreover the integration of these �lters into IC is prac-
tically impossible. For all these reasons ZIF transceivers
(or low-IF transceivers) are typically favored in commercial
applications. The ZIF architecture requires the quadrature
modulation and demodulation to be performed in the ana-
log domain. It is then important to include in the analysis
of the RF system performance I/Q amplitude and phase
mismatches caused by the analog implementation of the

3Suppose that the wanted signal is s(t) = cos(!xt+m(t) + �): At
the output of the mixer we have

s(t) � sin(!ct� !IF t+  ) =
1

2
fsin [!xt+ !ct� !IF t+ �+  ]

�sin [!xt� !ct+ !IF t+ ��  ]g (20)
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Fig. 2. The Hardware architecture of the Transceiver (transmitter section) developed by WJ Communications. DSP data ow is only shown
at the functional level.

baseband shaping �lters and phase error of phase splitters.
The clock to the analog to digital converters is generated
by a frequency source locked to the site frequency refer-
ence. The Wideband RF transmitter Module is illustrated
in Fig. 2. The samples from the DSP Bus are routed to
the the Digital to Analog Converters in complex format
and quadrature upconverted to an IF (300 MHz). The RF
signal is further �ltered; ampli�ed and upconverted. Af-
ter proper ampli�cation and �ltering the signal goes to a
power ampli�er that is responsible for providing enough
RF power to the signal to reach the remote receiver after
antenna radiation. The characteristics of the WJCI radio
are as follows:

� Noise Figure 5dB;
� 1 dB bandwidth +/-2.05 MHz min;
� 3 dB bandwidth +/-2.5 MHz min;
� Group delay variation: 60 nsec p/p over 1dB
bandwidth;

� Phase Noise:
{ -80 dBc at 1KHz;
{ -95 dBc at 10KHz;
{ -120 dBc at 100KHz;
{ -138 dBc at 1 MHz;
� Receiver Dynamic Range: -98 dBm to -20 dBm;
� Reference Stability: +/- 2.5 ppm;

� Transmitter 1dB compression point +27dBm.

The transceivers are locked to a common frequency refer-
ence. DSP is shown only at the functional level: in reality
the outputs of the A/D and inputs to the D/A are con-
nected to high speed memorymodules. Such modules allow
back-end processing relaxing the real-time constraint. For
the experimental set-up frames are post-processed o�-line.
The signal processing functions at the transmitter include:
a frame formatter; QAM modulators; pulse shaping �lters
and spatial signal conditioners. The signal processing func-
tions at the receiver include: spatial signal deconditioners;
front-end �lters; unitary time-domain transforms spatial
domain processing; unitary time-domain anti-transforms
QAM demodulators; pulse shaping �lters. The channel
coding strategy is inspired to the concatenated approach.
Encoders and interleavers are speci�ed in [2]. Data format-
ting refers to the organization of the information bitstream
in a way that is compatible with the particular application
of the communication system. A picture of the transmit-
ter/receiver rack is reported in Fig. 4. It is commonly be-
lieved that modem methodologies based on multi-antenna
systems have an increase in computational complexity of
the baseband processing if compared with traditional sin-
gle antenna methods. In Fig. 5 we report the complexity of
the baseband processing of the proposed Modem technol-
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Fig. 4. The transceiver rack front-end for 6 transmit/12 receive
antennas.

ogy in terms of MIPS (Millions of Instructions per Second)
as a function of the deliverable payload data rate. Chan-
nel coding is punctured convolutional coding (rate 3/4) and
soft-decision decoding for both Coded OFDM (single trans-
mit antenna) of [2] and STREAMTM . The striking result is
that the DSP complexity of a single antenna Coded OFDM
system according to the standard [2] has the same baseband
DSP complexity of a multi-antenna STREAMTM modem
which delivers the same data rate; while having approxi-
mately 1=Ntx bandwidth occupation.

VI. Experimental Results

The platform used for the hardware trials was completed
in July 2000. Integration progress for the hardware mod-
ules with relative spectral e�ciencies is reported in Fig.
6. The signal modulation employed at each antenna is 64-
QAM and the baseband �lters Pk(!) are raised cosine �l-
ters with roll-o� equal to 0.15. The Peak to Average Ratio
remains within 6-9 dB which makes the technique signi�-
cantly more advantageous than OFDM. SNR is calculated
as described in [14]. A map of the locations used to per-
form the transmission experiments in the former Watkins-
Johnson campus in Palo Alto; California is available on
request from max.martone@wj.com. Such an environment
is representative of a wireless local loop application with
average range equal to 0.5 miles. The delay spread reaches
a worst case condition of 2 �sec. The antennas are arranged
in a rectangular planar con�guration (' 1 wavelength
spacing); 6�M; M variable. We also report results for a
number of antennas larger than the ones available in hard-
ware using the following methodology. De�ne MT posi-
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Fig. 5. Complexity of the baseband processing of the proposed
Modem technology in terms of MIPS as a function of the de-
liverable payload data rate. Channel coding is punctured con-
volutional coding (rate 3/4) and soft-decision decoding for both
Coded OFDM (single transmit antenna) and STREAM.

tions for the transmit Ntx-antenna array ri i = 1; 2; :::; Ntx

and MR positions for the receive Nrx-antenna array r0k
k = 1; 2; :::;Nrx. A channel for a MTNtx �MRNrx sys-
tem [we mean MTNtx transmitters and MRNrx receivers]
HMTNtx�MRNrx

(!) can be thought as composed of chan-

nels H(i;k)
Ntx�Nrx

(!) for Ntx�Nrx systems; where the trans-
mit array is at some position ri and the receive array
is at some position r0k: So the assumption of a reason-
ably static channel4 for the HMTNtx�MRNrx

(!) allows us
to perform the estimation of the channel with only Nrx

elements at the receiver and Ntx elements at the trans-
mitter by estimating (at di�erent times) smaller channels

H
(i;k)
Ntx�Nrx

(!) i = 1; :::; Ntx and k = 1; :::; Nrx: After having
performed theMTMR channel estimations we compose the

large channel bHMTNtx�MRNrx
(!) using bH(i;k)

Ntx�Nrx
(!) i =

1; :::; Ntx and k = 1; :::; Nrx: Subsequently we can process
QAM data using DSP baseband processing on the channelbHMTNtx�MRNrx

(!): We have fundamentally exploited the
channel time invariance and emulated signal collections in
absence of moving objects (most of these collections were
performed during night hours). A "1 Gbit/sec" experiment
is performed using MT = 10; Ntx = 4; MR = 10 Nrx = 6;
for a total of 40 transmit antennas and 60 receive antennas.
We achieve a raw data rate of 960 Mbit/sec in 4.6 MHz at
SNR=30 dB (at this SNR a punctured convolutional cod-
ing scheme; rate 5/6 provides BER < 10�6): In Fig. 7

4The sequential channelmeasurements are performed coherently by
locking oscillators at transmitter and receiver.
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we show hardware results for a particular NLOS situation.
The delay spread is about 1 �sec. In Fig. 8 we summa-
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Fig. 7. Bit Error Rate results for outdoor obstructed (non Line
of Sight) in 4.6 MHz environment with 3 ; 4 and 5 transmit
antennas; 6 receive antennas. Dashed curves are for punctured
3/4 convolutionally encoded 64-QAM. Solid curves are for un-
coded 64-QAM.

rize the achieved data rates for BER less than 10�6 (with a
5/6 punctured convolutional encoder) in 4.6 MHz averaged
over di�erent locations. The data rates shown account for
28% overhead due to channel coding and frame overhead
for training and time-frequency synchronization.

VII. Conclusions

We have described the results of some experimental out-
door �eld trials which have demonstrated -for the �rst time-
the hardware feasibility of �xed broadband wireless radio
links with spectral e�ciencies in excess of 50 bit/sec/Hz in
severe multipath environments. Wireless data transmission
in the range 60-200 Mbit/sec occupying a bandwidth of 2-
4.6 MHz at 2.5 GHz was achieved. The signi�cant value of
these results is implicitly related to the achievement of in-
credible spectral e�ciencies in arbitrarily severe multipath;
non line of sight and with inexpensive RF hardware cur-
rently manufactured by WJCI and DSP complexity well
within the capability of current state of the art digital tech-
nology. Using calibrated antenna collections and sequential
spatio-temporal channel estimates in a static environment;
we have evaluated transmission with antenna arrays with
up to 40 transmit elements and up to 60 receive elements.

This last experiment [completed in November 2000] demon-
strates the possibility of a 1 Gbit/sec wireless transmis-
sion with a raw spectral e�ciency of about 208 bit/sec/Hz.

While a similar system developed at Bell Labs (known as
BLAST) has moved a fundamental step toward the intro-
duction of a technology which may play a key role in future
wireless systems; we believe our work extends in many sig-
ni�cant ways that initial investigation. First; we overcame
the problem of handling a frequency selective channel (as
opposed to at fading): this allowed the study of a larger
bandwidth (2-4.6 MHz as opposed to 30 KHz); the exper-
imentation of an outdoor channel and the achievement of
signi�cantly higher data rates [of interest in �xed wireless
broadband applications]. Second; we have made a con-
scious e�ort to design a system where low-cost RF front-
ends especially targeted to multiantenna systems could be
used.
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