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ABSTRACT

A communication system that minimizes the transmission of
pilot symbols while ensuring real-time channel tracking and
symbol detection. The system employs a multiple-input
multiple-output (MTMO) transmitter-receiver pair where
there are many more receive antennas than transmit anten-
nas. Communication occurs over a wide band RF channel
via orthogonal frequency division multiplexing (OFDM)
that employs a large number of sub-carriers.
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EFFICIENT CHANNEL ESTIMATION AND
SYMBOL DETECTION FOR MASSIVE
MIMO-OFDM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
No. 62/240,006, filed on Oct. 12, 2015.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to communication
systems and, more particularly, to a broadband multiple-
input multiple-output (MIMO) that significantly simplifies
receiver processing while avoiding or minimizing the need
for pilot symbols.

2. Description of the Related Art

[0003] Multiple-input multiple-output orthogonal fre-
quency division multiplexing (MIMO-OFDM) is the pri-
mary air interface for broadband wireless communications,
such as 4G and 5G cellular communications. For MIMO-
OFDM systems, the uplink transmissions typically have
asymmetric antenna numbers: the number of transmit anten-
nas is rather limited while the number of receive antennas
can be quite large, especially in the envisioned massive
MIMO systems. For coherent signal reception, pilot symbols
are typically necessary for channel estimation and requires
complicated processing of the received signals in either the
time domain or the frequency domain. Accordingly there is
a need in the art for a system that avoids or minimizes the
need for pilot symbols. Additionally, with massive receive
arrays, channel estimation and symbol detection can be
computationally challenging thus it is desirable to develop
receiver processing that is much less complex than the
existing art.

BRIEF SUMMARY OF THE INVENTION

[0004] The invention is a system for communicating from
a multiple antenna transmitter to a receiver that employs a
large number of antennas that reduces or completely avoids
the need for conventional “pilot symbols” that must other-
wise be used for effective channel tracking. The system may
be used to improve broadband wireless communications,
satellite to ground communications, and air to ground com-
munications. In air-to-ground wideband communications, a
massive and large aperture antenna array is deployed at the
receiver whereas the number of transmit antennas is limited
due to the space limitation for airborne platforms. Similar
situation arises in uplink transmission for the cellular sys-
tems where a base station (receiver) is typically equipped
with much more antennas than that of the mobile station
(transmitter). With sufficiently large computational power,
channel estimation and symbol detection can be carried out
without the need for sending pilot symbols. With limited
computation power, an efficient channel estimation and
symbol detection scheme may be used that requires the
concurrent transmission of only a single OFDM training
symbol. The key to the present invention is the asymmetry
in antenna arrays and the large number of sub-carriers in the
OFDM system for the envisioned application.
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[0005] A wireless communication system according to the
present invention includes a transmitter having multiple
transmit antennas programmed to transmit independent data
streams using a plurality of sub-carriers, wherein each data
stream includes a data frame having a training orthogonal
frequency division multiplexing (OFDM) block and a plu-
rality of payload OFDM blocks, and a receiver having
multiple receive antennas programmed to receive the inde-
pendent data streams, to perform a channel estimation using
the training OFDM block, and to use the channel estimation
to detect the next payload OFDM block in the plurality of
payload OFDM blocks. The receiver is programmed to
perform the channel estimation using asymptotic orthogo-
nality of a data symbol matrix given that the number of
sub-carriers is typically large. The receiver is programmed
to perform the channel estimation by aggregating the train-
ing OFDM blocks from all transmit antennas and all sub-
carriers. The receiver is also programmed to perform the
channel estimation by constructing a matrix using the aggre-
gated training OFDM blocks. The training OFDM blocks
may comprise previously detected payload OFDM blocks.
The receiver is programmed to detect a training OFDM
block or a payload OFDM block using data received at a
predetermined sub-carrier from all receive antennas, to
construct a frequency response vector, to construct a mul-
tiple-input multiple-output (MIMO) matrix corresponding to
the predetermined sub-carrier for all vectors, to calculate the
least square estimate in lieu of matrix inversion, and to map
the least square estimate to a constellation set using the
minimum distance criterion. Receiver is programmed to
perform a down-conversion and sample the independent
data streams. Only a single training OFDM block may be
used, thereby avoiding the need for recurrent pilot symbols.

[0006] A method of communicating data in a multiple-
input multiple-output orthogonal frequency division multi-
plexing wireless communication system according to the
present invention begins with transmitting independent data
streams using a plurality of sub-carriers from a transmitter
having multiple transmit antennas, wherein each data stream
includes a data frame having a training orthogonal frequency
division multiplexing (OFDM) block and a plurality of
payload OFDM blocks. Next, the independent data streams
are received with a receiver having multiple receive anten-
nas programmed to receive. Channel estimation is then
performed using the training OFDM bloc. Finally, the chan-
nel estimation is used to detect the next payload OFDM
block in the plurality of payload OFDM blocks. The step of
performing the channel estimation comprises using asymp-
totic orthogonality of a data symbol matrix based on the
number of sub-carriers. The step of performing the channel
estimation may comprise aggregating the training OFDM
blocks from all transmit antennas and all sub-carriers. The
step of performing the channel estimation may further
comprise constructing a matrix using the aggregated training
OFDM blocks. The training OFDM blocks may be previ-
ously detected payload OFDM blocks. The method may
further comprise the steps of detecting a training OFDM
block or a payload OFDM block using data received at a
predetermined sub-carrier from all receive antennas, con-
structing a frequency response vector, constructing a mul-
tiple-input multiple-output (MIMO) matrix corresponding to
the predetermined sub-carrier for all vectors, calculating the
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least square estimate in lieu of matrix inversion, and map-
ping the least square estimate to a constellation set using the
minimum distance criterion.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0007] The present invention will be more fully under-
stood and appreciated by reading the following Detailed
Description in conjunction with the accompanying draw-
ings, in which:

[0008] FIG. 1 is a diagram of a system according to the
present invention;

[0009] FIG. 2 is a diagram of a channel estimation block
according to the present invention; and

[0010] FIG. 3 is a diagram of a symbol detection block
according to the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0011] Referring now to the drawings, wherein like refer-
ence numerals refer to like parts throughout, there is seen in
FIG. 1 a multiple-input multiple-output (MIMO)-orthogonal
frequency-division multiplexing (OFDM) system 10 accord-
ing to the present invention where channel estimation 12 is
done in the temporal domain for each antenna pair while
symbol detection 14 is done on a per-sub-carrier basis. The
system minimizes the transmission of pilot symbols while
ensuring the real-time channel tracking and symbol detec-
tion can be achieved.

[0012] Specifically, system 10 encompasses a transmitter
16 that employs I transmit antennas and a receiver 18 that
employs J receive antennas. J is much great than I, i.e., there
are many more receive antennas than transmit antennas.
Communication occurs over a wide band RF channel.
Orthogonal frequency division multiplexing (OFDM) is
chosen as it is the de facto scheme for current and future
broadband wireless systems. An OFDM system employs N
sub-carriers and cyclic prefix (CP) of length P, measured in
units of symbol interval. The parameter is chosen such that
N is much greater than P and the CP length is larger than the
channel delay spread denoted by L.

[0013] In a system according to the present invention,
transmitter 16 sends independent data streams from each of
the transmit antennas. Each data frame encompasses a
training OFDM block which is used for synchronization at
the receiver as well as for channel estimation of the trans-
mission channels. This block is followed by a long stream of
payload OFDM blocks that carry the actual data. As seen in
FIG. 1, incoming data at receiver 18 goes through standard
down-conversion at each receive antenna, sampling, syn-
chronization, CP removal, and then inverse discrete Fourier
transform (IDFT) to convert the time-domain input symbols
into frequency domain signals. The frequency domain sig-
nals are then processed together for channel estimation using
the known symbols, and the channel estimate is then used
for joint symbol detection across receive antennas on a
per-carrier basis.

[0014] Next, the receiver uses the training OFDM block
for estimation. The channel estimation block uses the
asymptotic orthogonality of a data symbol matrix with large
N (the number of sub-carriers). This significantly speeds up
the implementation over conventional systems. As seen in
FIG. 2, symbols are pre-arranged to form a large matrix 20
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whose columns are asymptotically orthogonal due to the fact
that a large number of subcarriers is employed. This enables
reduced complexity channel estimation. For example, the
system aggregate symbols from all transmit antennas for all
sub-carriers. These symbols can be the training symbols in
the initial block or the detected symbols in subsequent
payload blocks. The frequency domain symbols emitted at
the ith transmit antenna are denoted by d,(1), . . ., d,(N) that
correspond to the N sub-carriers. An NxIL matrix is then
constructed using training or detected symbols according to
equation (5) below, i.e., a diagonal matrix D, is constructed
using the transmit symbols at the ith antenna, for each D,,
W, is post-multiplied and the products stacked column wide
as in equation (5):

D=[D/W, |D2Wy| ... |D;Wp] ®)

&1j
&2j
&= .

81

Last, reduced complexity channel estimation is performed.
If one assumes that the frequency symbols for the ith
antenna d, is independent and identically distributed from a
finite alphabet D with zero mean, and that d, and d, are
independent of each other for i=k. As N becomes large, the
columns in the D matrix defined in equation (5) are asymp-
totically orthogonal to each other. Thus, given the assump-
tion that N is large, column wise orthogonality of the matrix
is established for D. Thus, to estimate g; (the channel vectors
corresponding to the jth receive antenna), one can simply
pre-multiply y, with D instead of the usual LS solution that
involves matrix inversion and can be extremely time con-
suming for high dimension matrices.

[0015] Next, the receiver uses the estimated channel for
symbol detection for the next payload OFDM block. The
symbol detection uses the asymptotic column wise orthogo-
nality in its channel matrix for each sub-carrier. This again
ensures a much faster implementation over conventional
MIMO-OFDM symbol detection. As seen in FIG. 3, the
estimated channel 22 in the temporal domain is converted to
frequency domain 24 to obtain a per-carrier MIMO channel
matrix 26 whose columns are orthogonal due to the fact that
a large number of receive antennas is employed. This
approach enables reduced complexity symbol detection. In
this step, for each k, k=1, . . . N, the received data is collected
at the kth sub-carrier from all receive antennas and the
vector y* is constructed according to equation (7) below:

yi(k)
y2(k)
o = :
vy (k)
From the estimated channel vector g, for i=1, . . ., 1, j=1,

. .., J, the frequency response vector is constructed by
h,=W,g,;. Then, the MIMO matrix H® corresponding to the
kth sub-carrier from all h, vectors is constructed from
equation (8):
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k) hak) ... (k)

0 hia(k) (k) ... hp(k)
hyytk) hpytk) ... hy(k)
di(k) z1(k)
40 = dz:(k) o szk) ]
dytk) zy(k)

[0016] If g, consists of independent entries each with zero
mean and g;; and g, ;. are pairwise independent for (i,))=(1'; j'),
then all the columns of the matrix H® defined in equation
(8) have asymptotically orthogonal columns as J approaches
o. Since the columns of H* are orthogonal, pre-multiplying
v® will give the LS estimate of d® in lieu of matrix
inversion. The estimated d*’ may then be mapped to the
constellation set using the minimum distance criterion.

[0017] Lastly, the receiver refines channel estimation
using the currently detected OFDM block and continues on
to the next OFDM payload block.

[0018] Following are the assumptions and calculations
that underlie the approach of the present invention:

[0019] A transmitter is equipped with I antennas while the
receiver be equipped with J antennas. In addition, the
transmission channel has a bandwidth that is considered a
wide band channel, or, equivalently in the temporal domain,
the delay spread is much greater than the inverse of the
bandwidth. OFDM is thus chosen and a large number of
sub-carriers is assumed in order for each sub-carrier to be
approximately ‘flat’ (i.e., can be modeled as narrowband). N
denotes the total number of sub-carriers and P is the corre-
sponding prefix length; N and P are chosen such that N>>P
to ensure high spectrum efficiency.

[0020] The following assumptions are made with respect
to the complex baseband signal/channel model of the present
invention:

[0021] (i) The channel between the ith transmit antenna
and the jth receiver has an impulse response g, with a
channel length L such that L<P. All transceiver antenna pairs
are assumed to have equal length which is reasonable as one
can append O to those channels whose length is shorter. The
assumption L<P ensures no inter-symbol interference is
incurred. Furthermore, g,; are independent across the anten-
nas, as guaranteed by the antenna spacing at the receiver.

[0022] (ii) Noises at each receiver antenna are assumed to
be complex Gaussian and independent of each other and of
the fading channels.

[0023] (iii)) We assume J>>I, i.e., the number of receive
antennas is much larger than that of the transmit antennas.

[0024] (iv) The communication uses full spatial multiplex-
ing: transmitter sends independent data streams across dif-
ferent transmit antennas.

[0025] As usual, the ith transmit antenna uses IDFT (in-
verse discrete Fourier transform) in converting frequency
domain symbols (e.g., QAM modulated symbols) d,(k) into
time domain OFDM symbols s,(n):
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1A .
sim) = — Y ke N forn=-pP,... ,-1,0,... ,N=1
2

where d_,=d,, , and the negative subscript is used to denote
the CP in a compact manner.

[0026] At the jth receive antenna, it receives channel
output of the signals transmitted from all the transmit
antennas. With the assumption that Pz, all the sub-carriers
effectively experience frequency flat fading channels and
there is no inter-symbol interference, thus the received
signal can be expressed as:

! = L
xj(n) = Z —Z Hij(k)d; (l)e™™ N v (n)
i=1 W

k=0

for n=0, . . ., N-1, i.e., the CP part that is subject to ISI has
been removed. Here, v(n) is the channel noise at the jth
antenna, and H,(k) is the frequency response at the kth
subcarrier corresponding to the channel g, , thus:

Hy(0)

o M

h[j = WLg;j

Hy(N -1)

where WL is the first L columns of the DFT matrix W whose
entry at kth row and nth column is:

1 o2k IN
VN

for K, n=0, . .., N-1, ie.,

1 1 . 1
Ll e J2niN

7l

L DN

o= S2RIN-1YN
W=

o 2r(N-12 [N

Essentially, W, g, converts the time domain channel impulse
response into frequency responses for the N sub-carriers.
[0027] By stacking x,(n), n=0, . . . , N-1 in a vector form,
it is possible to verify that:

x;(0) @

x-(l) 1
J_ =ZWHD;WLg;j+vj
i=1

a
xj=

x(N=1)
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-continued
‘Where

&0 0 .. 0

0 d(l) .. 0

0 0 ..dWN-D

i.e., a diagonal matrix whose diagonal elements consist of
frequency domain symbols corresponding to the ith transmit
antenna,

v;(0)
vi(D)

v;=

VN - 1)

is the noise vector for the jth receive antenna for the
corresponding OFDM symbol, and is assumed to be com-
plex Gaussian with zero mean and covariance matrix NI,
i.e., v~CN(0, NI).

[0028] The time domain signal model of equation (2) is
obtained by noting that the signal component in the time
domain is the sum across i, where each of the entries in the
sum is the IDFT of the vector with element H,(k)d,(k) (c.f.
equation (1)). This is also the direct consequence of the fact
that the circular convolution in discrete time domain corre-
sponds to multiplication in discrete frequency domain (as
defined via DFT).

[0029] As with a conventional OFDM receiver, upon
removing CP, the receiver implements DFT to obtain fre-
quency domain observations for the jth receive antenna:

¥i0) ©)

yih !
. :ij:ZD;WLg;j+zj
i=1

yi=

yitN =1

where WW#=I as W is a unitary matrix and z=Wv which
has the same statistics as v due again to the fact that W is a
unitary matrix. Thus z~CN(0, NyI).

[0030] Given the OFDM received signal vector (either the
time domain vector x; or the frequency domain vector y,
=1, . . . I), it is necessary to Estimate the transmission
channel either in time domain g; or in frequency domain
h,=W, g, and detect the frequency domain symbols d, for
i=1, ..., I where d, is the vector consisting of the diagonal
element of the matrix Di, i.e.:

4(0)
a(1)

=

d;(N -1)

[0031] In a conventional MIMO-OFDM system, channel
estimation relies on the transmission of pilot symbols (i.e.,
OFDM symbols known a priori to the receiver) and the
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actual estimation can occur either in the time domain
(estimating g, ) or, more frequently, in the frequency domain
(estimating h,; through interpolation).

[0032] For the perceived application with J>>I, the present
invention performs direct channel estimation and symbol
detection without the transmission of any pilot symbols. To
establish that this is feasible, the following equations for the
frequency domain observations are applicable for a noiseless
case:

!
Y= Z DiWrgi
in1

I
y2 = Z DiWirgin
i1

!
Yo = Z DiWrgiy
in1

Recognizing that there are a total of JN equations (each y, is
an Nx1 vector) yet the number of unknown variables is
IN+IJL. Thus if J>>I and N>>L (since N>>P>L), then it is
possible that IN>IN+IJL, i.e., there are more equations than
unknown variables. As such, it is feasible to solve this
nonlinear system of equations for both the symbols di(k),
i=1,...,Tand k=0, ..., N-1, as well as the channel vectors
gij,i=1;...,Tand j=1,...,J. As a simple example, suppose
there are I=2 transmit antennas, J=16 receive antennas, a
total N=1024 subcarriers with a CP length P=64 (which is an
upper bound on the channel length L). For this example,
there are a total of IN=16384 equations with the number of
variables being upper bounded by IN+IP=4096. Thus, there
are far more equations than variables. In the present inven-
tion, the structure of the noisy signal model is exploited to
help solve for the unknown variables in real time, thus
making it practical to implement the proposed scheme in a
real communication system.

[0033] Given the assumption that noises are AWGN both
spatially (across antennas) and in frequency (for different
carriers), the natural objective function arising from the
signal model becomes the following minimization problem:

J 2 “)

!
min E yj—ZD;WLg;j .
8 i=1
i=L,... .,

=0, N-1

[0034] If the symbols are known a priori (i.e., they are
pilot symbols), then by defining

D=[D/W, |D2Wy| ... |D;Wp] ®)
and
81
82
&= .

81
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[0035] for j=1; - - - ; ], then we can decouple the channel
estimation problem for each receive antenna j into the
following simple least square problem:

minlly; - Dg;II*. ©
8

which can be solved fairly efficiently.

[0036] If the channels are known (e.g., having been esti-
mated), both g,- and h, =W, g, can be reconstructed. In this
case, for the kth subcarrier, the received signals are stacked
across all receive antennas, i.e., defined as follows:

yi(k) M
y2(k)
y0 = 25
vy (k)
for k=0, . . ., N-1. It is clear that, from equation (3),

! ®
D b (k) + 240

i=1

I
o | Do hakdik) + 22k

W= | L = HO4®) 4 0
!
D bt k) + 25 6)
i1
where
hu (k) Ay (k) ... hp(k)
hia(k)  hpa(k) ... hpk)
H® = 7 . )

k) hagtk) ... hyk)

dy (k) 21(k)
o] [0
dytk) z4(k)

[0037] Again, the problem of detecting the symbols
reduces to a decoupled least square (LS) problem for each
sub carrier:

min|y® — H© 40| %)
4t

which again can be solved fairly efficiently.

[0038] While the channel estimation and symbol detection
are both ordinary LS problems, the exceedingly high dimen-
sion of the problem and the need for on-line processing that
keeps up with the transmission rate suggest that more
efficient receiver design is preferred.

[0039] Given the above, a natural approach that is spec-
trum efficient is to forgo the transmission of pilot symbols.

Oct. 4, 2018

Instead, channel estimation and symbol detection are carried
out by solving the minimization problem defined in (4).
However, the problem is of extremely high dimension.
Besides, even if one relaxes the finite alphabet property of
the digital symbols d,(k)’s, the problem is in general non-
convex (a fourth order polynomial) that is computationally
challenging to solve directly.

[0040] Notice that given either the channel vectors g,;’s or
the transmission data D,’s, the minimization problems
reduce to a simple least square problem (provided the finite
alphabet property is relaxed). While directly implementing
an alternate descent method is not guaranteed to converge
due to the non-convexity of the objective function, the
observation does provide a way to design the system in a
more bandwidth efficient manner that is also computation-
ally feasible.

[0041] A simple MIMO-OFDM system may thus be
designed according to the present invention to minimize the
transmission of pilot symbols while ensuring that real-time
channel tracking and symbol detection can be achieved. The
applications of the present invention include: broadband
wireless communications including both 4G that are cur-
rently being deployed as well as the 5G that are currently
under intense research and development, such as for uplink
transmission where a mobile station (e.g., a hand held
device) is communicating to a base station (cell tower);
satellite to ground communications where a large antenna
array is deployed at the ground receiver; air to ground
communications where the transmitter is hosted on airborne
platforms while the receiver is a ground array that employs
a large amount of antennas, including both military appli-
cations with either airplane or unmanned aircraft as the
transmitter or the emerging application with commercially
available drones as the transmitter so that high quality video
streaming is enabled from the airborne platforms to the
ground array; and other wide band multi-carrier wireless
communications where the receiver is equipped with a large
number of antennas while the transmitter has only a limited
number of antennas.

What is claimed is:

1. A wireless communication system, comprising:

a transmitter having multiple transmit antennas pro-
grammed to transmit independent data streams using a
plurality of sub-carriers, wherein each data stream
includes a data frame having a training orthogonal
frequency division multiplexing (OFDM) block and a
plurality of payload OFDM blocks; and

a receiver having multiple receive antennas programmed
to receive the independent data streams, to perform a
channel estimation using the training OFDM block, and
to use the channel estimation to detect the next payload
OFDM block in the plurality of payload OFDM blocks.

2. The system of claim 1, wherein the receiver is pro-
grammed to perform the channel estimation using asymp-
totic orthogonality of a data symbol matrix based on the
number of sub-carriers.

3. The system of claim 2, wherein the receiver is pro-
grammed to perform the channel estimation by aggregating
the training OFDM blocks from all transmit antennas and all
sub-carriers.

4. The system of claim 3, wherein the receiver is pro-
grammed to perform the channel estimation by constructing
a matrix using the aggregated training OFDM blocks.
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5. The system of claim 4, wherein the training OFDM
blocks are previously detected payload OFDM blocks.
6. The system of claim 5, wherein the receiver is pro-
grammed to detect a training OFDM block or a payload
OFDM block using data received at a predetermined sub-
carrier from all receive antennas, constructing a frequency
response vector, to construct a multiple-input multiple-
output (MIMO) matrix corresponding to the predetermined
sub-carrier for all vectors, to calculate the least square
estimate in lieu of matrix inversion, and to map the least
square estimate to a constellation set using minimum dis-
tance criteria.
7. The system of claim 6, wherein the receiver is pro-
grammed to perform a down-conversion and sample the
independent data streams.
8. The system of claim 7, wherein the receiver is pro-
grammed to convert the sampled and down-converted inde-
pendent data streams into frequency domain signals.
9. The system of claim 8, wherein the receiver is pro-
grammed to process the converted frequency domain signals
together for channel estimation.
10. The system of claim 9, wherein only a single training
OFDM block is used.
11. A method of communicating data in a multiple-input
multiple-output orthogonal frequency division multiplexing
wireless communication system, comprising:
transmitting independent data streams using a plurality of
sub-carriers from a transmitter having multiple transmit
antennas, wherein each data stream includes a data
frame having a training orthogonal frequency division
multiplexing (OFDM) block and a plurality of payload
OFDM blocks; and

receiving the independent data streams with a receiver
having multiple receive antennas programmed to
receive;

performing a channel estimation using the training OFDM

bloc; and

using the channel estimation to detect the next payload

OFDM block in the plurality of payload OFDM blocks.
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12. The method of claim 11, wherein the step of perform-
ing the channel estimation comprises using asymptotic
orthogonality of a data symbol matrix based on the number
of sub-carriers.

13. The method of claim 12, wherein the step of perform-
ing the channel estimation comprises aggregating the train-
ing OFDM blocks from all transmit antennas and all sub-
carriers.

14. The method of claim 13, wherein the step of perform-
ing the channel estimation further comprises constructing a
matrix using the aggregated training OFDM blocks.

15. The method of claim 14, wherein the training OFDM
blocks are previously detected payload OFDM blocks.

16. The method of claim 15, further comprising the steps
of:

detecting a training OFDM block or a payload OFDM

block using data received at a predetermined sub-
carrier from all receive antennas;

constructing a frequency response vector, constructing a

multiple-input multiple-output (MIMO) matrix corre-
sponding to the predetermined sub-carrier for all vec-
tors;

calculating the least square estimate in lieu of matrix

inversion; and

mapping the least square estimate to a constellation set

using minimum distance criteria.

17. The method of claim 16, wherein the step of receiving
the independent data streams comprises performing a down-
conversion and sampling of the independent data streams.

18. The method of claim 17, wherein the step of receiving
the independent data streams further comprises converting
the sampled and down-converted independent data streams
into frequency domain signals.

19. The method of claim 18, wherein the step of receiving
the independent data streams further comprises processing
the converted frequency domain signals together for channel
estimation.



