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A b 8 t ~ a c t -  We describe and discuss the results of 
some experimental outdoor field trials which demon- 
strate -for the first time- the hardware feasibility of 
Axed broadband wireless radio links with spectral 
efficiencies in excess of 50 bit/sec/Hz in severe mul- 
tipath frequency selective environments (non line-of- 
sight). Custom cost-effective hardware has allowed 
data  transmission in the range 60-960 Mbit/sec occu- 
pying a bandwidth of 2-4-5 MHz at MMDS frequen- 
cies ( 9 . 5  GHz). We also introduce a new model- 
ing methodology inspired by basic theoretical physics 
which gives a different and practical perspective to 
the spatio-temporal transmission problem. Previ- 
ously reported hardware experiments using the same 
concept have addressed the simpler problem of in- 
door communications in a 30 kHz cellular channel. 
The developed technology has the potential of mak- 
ing practical and cost effective the deployment of 
high capacity microwave data  communications equip- 
ment for point to point and point to  multipoint s y s  
tems. 

I. SPATIO-TEMPORAL WAVEFIELD MODELING 

In this paper we describe and discuss the results 
of some experimental outdoor field trials which have 
demonstrated -for the first time- the hardware fea- 
sibility of fixed broadband wireless radio links with 
spectral efficiencies in excess of 50 bit/sec/Hz in se- 
vere multipath environments. Wireless data trans- 
mission in the range 60-200 Mbit/sec occupying a 
bandwidth of 2-4 MHz at 2.5 GHz was achieved. We 
introduce a new modeling methodology inspired by 
basic theoretical physics which gives a different and 
practical perspective to the spatio-temporal trans- 
mission problem and as a byproduct a new class of 
methodologies which we have defined STREAMTM 
(Spatial Transmission with Radio Enhanced Adap- 
tive Modulation). Due to space limitations our 
treatment is brief and concise. We direct the in- 
terested reader to the upcoming book [l]. In the 

context of spatio-temporal processing one is typi- 
cally interested in wavefields e ( t ,  r) propagating ac- 
cording to  the wave equation 

where c is the velocity of propagation of the 
medium, r identifies the spatial location (2-D [r = 
( r , d ) ]  or 3-D [r = (r,q5,0) 1) of the propagating 
wave, t identifies the temporal location of the prop- 
agating wave. Assuming that the wavefield has 
a Fourier representation e ( t ,  r) = J d u E ( w ,  r ) e j w t ,  

each Fourier component satisfies the source-free 
Helmholtz equation [2] 

(v2 + IC’) ~ ( w ,  r) = 0, (2) 

where X: = ’$ is the wavenumber associated with 
c. In particular we are interested in wavefields gen- 
erated by linear space-time models expressed as 

s ( t ,  r) = J J h(t ,  7, r, +(TI r1)dr’d.r (3) 

where h(t ,  T ,  r, r’) is the time-variant/space-variant 
wavefield response of the channel (assumed space- 
time selective), T is the time interval of interest and 
, is the spatial v olume of interest. Observe that r is 
a 3-D or 2-D parametrization of the spatial domain. 
Roughly speaking h(t ,  T, r, r’) describes the space- 
time response of the system to an impulse generated 
at time t [as measured at delay T ]  and spatial loca- 
tion r’ [as measured at location I]. If the channel 
is time-invariant [h(t ,  ~ , r , r ’ )  = h(t - ~ , r , r ’ )  3 we 
obtain a simple model for the wavefield of interest 
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where z(t,r) = JdwX(w,r,r')ejwt, h( t , r , r ' )  = 
J dwH(w, r, r')ejwt. 

Assuming a farfield scattering model we can write 
H ( w ,  r, r') as a a superposition of plane waves 

H(w,r,r') = dyd7'ph(7, y, ,),p+,jr'.?'x LJl, 
where 0 is the set of possibles directions of arrival, 

y and 7' d E [-&.I if 2-D 
= { 0 E [O,.], E [--A,.] if 3-D 

are points in 0, T and T' are unit vectors pointed 
in the directions 7 and 7', ph(y ,y ' ,w )  is a scat- 
tering radiation density. X(w,r) is expressed as 
X(w,r) = Crzl qn(w)b(r  - rn) where N i ,  is the 
number of elements at the transmit array, qn(w) 
are the Nt, information bearing signals transmit- 
ted at the Nt, elements of the transmit array, rn, 
n = 1,2, ..., Nt, are the locations of the elements 
in the transmit array. Since a plane wave ejr.TK 
is solution of the Helmoltz equation, ph(y, y', U )  

is an arbitrary complex function fully specified by 
the spatietemporal propagation modes of the chan- 
nel. For simplicity of notation from now on we will 
drop the explicit dependence on w .  Expanding with 
a complete and orthogonal (2-dimensional for 2-D 
propagation or 4dimensional for 3-D propagation) 
basis [denoted fn,m(7, 7')] the scattering radiation 
density 

n m  

where $n,m are coefficients of the expansion given 
by $n,m = Ja Je ~Y~Y'P~(Y, Y)f:,i(Y, 7'). Using 
(5) we obtain H(r, r') = E,,, $n,m'h!n,m(r, r') 
where 

So we can express 

k = l  n,m 

Now consider the receive array as a sampling oper- 
ator: from S ( w , r )  it returns a vector s of measure- 
ments (the array output) 

s = AR o S(r) (7) 

where AR is the array sampling operator [a vec- 
tor valued linear and continuous functional]. De- 
fine aR,n,m,k as the response of the receive array 
to  a wavefield Of the form '&,m(r , rk) ,  aR,n,m,k = 

ARo'Hn,m(r, r k ) .  From the linearity of the sampling 
operator we get 

k n ,m 

k n ,m k 

where 9 is a vector of coefficients $n,m and AR,k is 
a matrix of vectors aR,n,m,k ordered as to properly 
represent E,,, $n,maR,n,m,k = A R , ~ @ .  The value 
of (8) is that it decouples completely the effect 
of the spatio-temporal channel and the parameters 
of the transmit/receive array. The vector 8 fully 
captures the spatio-temporal channel. An array of 
isotropic elements in a 2-D spatial representation 
gives [aR,n,m,k]l  = %a,m(rl  = ( P I ,  $ l ) , r k  = (Tk ,  4 k ) )  
where rl = (rl, 4l) is the location of the Ith element 
in the receive array and r k  = (Tk, 4 k )  is the location 
of the kth element in the transmit array. 

11. WAVEFIELD REPRESENTATIONS BASED ON 
FOURIER SPATIAL EXPANSION 

The selection of a basis that parsimoniously rep- 
resents the radiation density is a critical component 
of the technology we introduce. One straightfor- 
ward representation for the "channel" wavefield can 
be used employing Fourier bases. Consider the 2-D 
case with 

(9) f , ( 1 )  = -e~n+ejm+' .  1 '  
n m  777 2?r 

The basis set Zn,m (r,r') can be written [a] 
r 2 a  r2*  

e j K ~ r c o ~ ( 0 - 0 ) - i n 0 ~ ' K r c o J ( 8 ' - 0 ' ) - j m 0 '  

= 27rjn+m Jn(lCr)Jm(lCr')e-j(n++m+'), (10) 

where Jn(lCr) is the Bessel function of the first kind. 
So we obtain 

[aR,n,m,k]l = 2 ? r j n + m ~ n ( ~ r l ) ~ m ( ~ r k ) e - j ( n + ' + m + ~ )  

1 = 1,2,  ..., N,,,k = 1,2,  ..., Nt,. (11) 

It is worth to examine in more detail the relation- 
ship of the wavefield model with the traditional 
model based on manifolfds. Define aR(y) and aT(7) 
as the manifolds of the receive and transmit array 
[ in other words [a~(y) ] ,  and [a~(y)] ,  are the re- 
sponses of the m-th sensor to a plane wave propa- 
gating in the direction 71. Since 

aR(-y) = AR o e jKr  
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and 

where AR and AT are the array sampling operators 
[receiver and transmitter respectively], we get 

aR(Y) [aT('7'')lk . (12) 

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

AR,kWy,yr = a R ( y )  [aT('7'')lk 

where 
functions f;,m(y, y). 

is a vector organization of the basis 

111. DESCRIPTION OF THE HARDWARE 
ARCHITECTURE 

WJ Communications Inc. (WJCI) has developed 
a hardware prototype which enabled STREAMTM 
with up to 6 transmit antennas and 12 receive an- 
tennas. The bandwidth of the radio is selectable 
up to 5 MHz. We present results for the 2.5 GHz 
band. The transmit and receiving antennas (Gain 
= 7dBi, 70" azimuthal 3-dB beamwidth, 60" verti- 
cal beamwidth) are connected to the site RF distri- 
bution (not shown for simplicity). The Wideband 
RF Modules are in charge of filtering, amplifying, 
downconverting and digitizing the RF spectrum of 
interest. The wideband receiver is designed to be 
driven from a site RF distribution network and min- 
imizes this interface requiring a single, low gain RF 
feed per antenna element. High dynamic range am- 
plifiers and mixers are utilized to obtain a large 
instantaneous dynamic range preserving signal fi- 
delity. The signal as collected by the antenna is fil- 
tered and amplified. It is then mixed by a first Local 
Oscillator and filtered, amplified and mixed down 
to zero IF (Intermediate Frequency) by an ana- 
log quadrature downconverter. The transceivers are 
locked to a common frequency reference. The chan- 
nel coding strategy is inspired to the concatenated 
approach. Encoders and interleavers are specified 
in [3]. The platform used for the hardware trials 
was completed in July 2000. Integration progress 
for the hardware modules with relative spectral ef- 
ficiencies is reported in Fig. 1. The signal mod- 
ulation employed at each antenna is 64-&AM and 
roll-off factor of the baseband filters is 0.15. We 

show hardware results of a typical fixed wireless 
broadband access scenario (about 0.8 mile range) 
in Non Line Of Sight. The delay spread is about 1 
psec and the bandwidth used by the radio is 4 MHz. 
The antennas are arranged in a uniform linear array 
configuration (1 wavelength spacing). The Peak to 
Average Ratio remains within 6-9 dB which makes 
the technique significantly more advantageous than 
OFDM. In Fig. 2 we summarize the achieved data 
rates for BER less than in 4 MHz averaged over 
different locations. Observe that we report results 
for a number of antennas larger than the ones avail- 
able in hardware. To accomplish virtual antenna 
measurements, we exploited the channel time invari- 
ance and simulated signal collections for 9-12 and 20 
transmit antennas. Such measurements realized the 
achievement of 54 bit/sec/Hz, 60 bit/sec/Hz, ap- 
proximately 144 bit/sec/Hz and approximately 208 
bit/sec/Hz in a 4MHz channel. The data rates of 
Fig. 2 account for 28% overhead due to channel 
coding and frame overhead for training and time- 
frequency synchronization. 

Hardware Results at 3.5 GHZ In 4MHz 
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Fig. 2. Bit Error Rate results averaged over 80 different 
locations in 4 MHz 4 - 5 - 9 - 12 receive antennas. Curves 
are for convolutionally coded 64-QAM. 

I v .  LINE OF SIGHT CHANNELS 

The Line of Sight Channel is obviously of interest 
in long-haul microwave applications. We summarize 
in Fig. 3 the results of a typical 5 Km microwave 
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Fig. 1. Progress of STREAMTM in terms of achieved spectral efficiency in  Non Line of Sight. 
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Fig. 3. STREAMTM results in  Line of Sight for two transmitters and two receivers at 10 GHz. 

link experiment. The bandwidth is set to 4 MHz 
and there are two antennas at the transmitter and 
two antennas at the receiver. The multipath envi- 
ronment is essentially Ricean and delay spread is 
less than 1 p e c .  The specular component of the 
channel is 15 dB below the main signal. The results 
of Fig. 3 are impressive. At 2 and 4 bit/sec/Hz 
we are 2 and 2.5 dB from MIMO (Multiple-Input- 
Multiple-Output) capacity. At 6 and 8 dB we are 
3-5 dB from MIMO capacity. 
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