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JOINT SYMBOL, AMPLITUDE, AND RATE ESTIMATOR (JSAR)

Background of the Invention

1. Field of the Invention

The present invention relates to communications and more particularly to co-

channel communications.

2. Brief Description of Prior Developments

A great number of communications and data transfer systems operate at or near a
full capacity. 'If a means could be found to increase the number of available channels, by
reassigning channels to be perhaps slightly interfering, the overall throughput could be
increased without increasing bandwidth. Conventional receivers fail in the presence of this
sort of interference (co-channel interference), in addition, many receivers require prior
knowledge of signal parameters such as phasé and amplitude of the channel. The problem
solved by this invention is an efficient means of jointly estimating symbols, channel
* amplitude, and data rate transmitted in a super-saturated communications channel. The
most noteworthy accomplishment of this invention is the ability to estimate the symbols

and data rate, blindly without prior knowledge of channel amplitudes and phase.

The conventional Minimum Mean Squared Error (MMSE) Multiuser detector
with prior information is described by Wang and Poor in the IEEE publication ‘Iterative
(Turbo) Soft Interference Cancellation and Decoding for Coded CDMA’, in the
Transactions on Communications, July 1999. See also Alexander, Reed, Asenstorfer, and
Schlegel, “Iterative Multiuser Interference Reduction: Turbo CDMA,” IEEE Trans on

Comm, July 1999; and Poor, “Turbo Multiuser Detection: An Overview, “ ISSSTA 2000.
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MMSE detectors with prior information usually show up in a turbo setting, but this is not
required. In this publication, a complete solution to the problem is computed, and one
approximate (low complexity) method is described. This prior art was not designed for

overloaded systems, which are of particular interest to our application.

In the prior art, algebraic means are used to compute linear operators for the entire
set of users (communications channels) simultaneously. This is done by utilizing prior
information, or knowledge of the likely value of each user’s bit of information, each at a

particular instant in time.

The prior art, however, has a disadvantage in that it requires knowledge of all

parameters.
The above referenced prior art is incorporated herein by reference.
The following prior art is also incorporated herein by reference.
S. Verdu, Multiuser Detection, Cambridge Press, 1998.

Chan and Wornell, “A Class of Asymptotically Optimum Iterated-Decision

Multiuser Detectors”, preprint.

Summary of Invention

The invention solves the previously mentioned problem of tightly integrating the
following components: parameter estimation, symbol hypothesis testing, decoding, and
rate identification. The approach assumes a module implemented prior to this module has
identified the modulation scheme (e.g. CDMA). The solution presented here is a
windowed-based Minimum Mean Squared Error (MMSE) approach to Turbo-decoding

for joint signal demodulation, which is easily extended to time-varying channels. The
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invention described here is based on an iterative decoding solution that exploits error
correction codes. In addition, the approach defined here is suitable for symbol
asynchronous as well as symbol synchronous. Also, this algorithm is suitable for a

variety of signaling schemes such as M-ary Phase Shift Keying (MPSK).

Brief Description of the Drawings

The present invention is further described with regard to the accompanying

drawings wherein:

Figure 1 is a schematic block diagram showing joint symbol amplitude and data

rate estimator;

Figure 2 is a schematic block diagram showing initial amplitude estimation..

(Module 20 in Figure 1);

Figure 3 is a schematic block diagram showing joint amplitude estimator (Module

23 of Figure 1);
Figure 4 is a schematic block diagram showing parallelization of JSAR; and
Figure 5 is a schematic block diagram showing hardware conceptualization.

Detailed Description of the Preferred Embodiment

The apparatus in Figure 1 is now described in more detail. A data stream 10,
potentially complex, is received from some source. For the case of Code Division
Multiple Access (CDMA) communications schemes, the data stream is sampled by some

multiple of the chip rate. For TDMA communication schemes, the data stream is
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sampled at some multiple of the symbol rate. The received signal can effectively be
modeled as the linear combination of many co-channel signals, mathematically illustrated

by

F K
rn1=Y. Y bililas, (nT, —iT)) +n,(nT,). Equation 1

i=l k=1

The term b,[i] represents the symbol for user & at time index i. The term s, (nT, —iT,)
represents the user’s signal characteristic for sample index n for the symbol period i for
the user k. The characteristic waveform, s, (-), is normalized such that the amplitude of
the transmitted signal for user k is represented by g, . The symbol period is defined by 7,
and the sample period is represented by 7, . The linear model represents a summation of

K separate users and over F symbols. The received signal can represent a collection from
multiple sources. For example, the collection may consists of multiple antennas, not

necessarily co-located, with potentially different polarizations.

The user’s signal characteristic, s,(nT, —iT;) , combines a sequence of signal

transformations: pulse shaping filter, signal delays, receiver filters, code channels (for
CDMA) and multipath. Note, that the characteristic waveform is not restricted to a

sample or symbol interval.

The multiple access interference model in Equation 1 is represented concisely

using matrix notation in Equation 2. The KF symbols corresponding to

the KF simultaneous users is represented by the KF -element vector, b[i] at time i. A

linear model is used to represent the received signal at time index i by
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r(i]=SAb[i]+n,[i], Equation 2

where b[i] represents the KF symbols at time index i. The term S is a Nx KF matrix

representing the combination of the spreading code, channel codes, pulse shaping filter,

and propagation effects

s [Li] s, [Li] o s [Li]
2,i 2,i] - s 2i
S= Sy [: i) s, [: ] ) AKF! i] Equation 3
5 [N"i] S [N’i] Tt Skr [N’i]

The matrix entries, s, [n,i], represents the n™ sample of the signal characteristic

waveform for user k at time i. The term A is a KF X KF diagonal matrix that represents

the complex signal amplitudes, which can include phase and polarization weighting, The

term n,, [i] is a N X1 vector that represents additive white Gaussian noise (AWGN).

Returning to Figure 1, data 10 represents a vector of data, representing the
received signél. This data 10 is passed over line 11 to the symbol hypothesis testing
module (21) labeled in Figure 1 as Minimum Mean Squared Error (MMSE) based
symbol estimator. As indicated by the name, the preferred approach because of
computational efficiency is an MMSE implementation for symbol hypothesis testing
(21). This computational efficiency will become more clear as we discuss the details of
the MMSE-based joint amplitude estimator and the parallelization of this algorithm. The

symbol hypothesis testing conducted in 21 is performed following completion of the

initial amplitude estimate.
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Note, any hypothesis testing approach, such as the maximum likelihood detector,
is suitable for module 21. The maximum likelihood detector is a brute force approach
which requires an exhaustive search, is suitable for 21. The solution consists of
exhaustively evaluating the Euclidean distance between the received samples and the
linear model of the samples using every possible hypothesis of the bit sequence. Instead
of the optimal detector applied in module 21, a more computationally efficient form of
symbol hypothesis testing may be applied, such as the M-algorithm, T-algorithm, etc.
However, the most efficient approach is an MMSE-based symbol estimator which will be
made more clear §vhen discussing the MMSE-based amplitude estimator. Note, module
21 also includes an efficient implementation, referred to as the Q-algorithm. As is
disclosed in U.S. Patent application Serial No. 10/ 105,918,. filed March 25, 2002 entitled
“System for Decreasing Processing Time in an Iterative Multi-User Detector System on
the Q-algorithm the contents of which are incorporated by reference, the MMSE-symbol
estimator cancels interference based on s.ymbol estimates obtained from thresholding the

symbol likelihoods.

The same vector 10.is passed over line 12 to the initial amplitude estimation
module 20. As indicated by the name, the purpose of 20 is to provide an initial estimates
of the amplitude for each interfering signal. The appoach implemented in 20 consists of
incoherently integrating the energy out of a properly normalized matched filter for all
users determined to be active. Note these users can be transmitted over code, temporal,
and/or frequency channels and this estimation procedure is appropriate for these modes of

digital communication. Part of the function performed in 20, is the identification of which
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users are active. User identification can be easily obtained via an energy detector based

on some a sufficiently long observation interval.

The initial amplitudes are passed to the MMSE-based symbol estimator, 21, over
line 24 and the MMSE-based Joint Amplitude Estimator, 23 over line 13. The MMSE-
based symbol estimator uses the initial amplitude estimate only on the first iteration, for
all other iterations it uses the amplitude estimates from 23 that are received over line 19.
Recall this module may implement any type of symbol hypothesis testing procedure,

however, an MMSE-based approach is preferred because of computational efficiency.

The MMSE-based symbol estimator provides symbols estimates to a bank of
single user decoders in 22 over line 14. The symbols estimates out of 21 are routed to the
decoders baséd on user number. For example, all symbol likelihoods corresponding to the
first user are passed to the decoder dedicated to the first user. This mapping is repeated
for all users. The single user décoders consists of a bank of K decodefs that may consist
of Soft-output Viterbi or Maximum A Posteriori based techniques such as BCJR. Soft-
input, soft-output decoders are preferred for this implementation but not required.
Inherent in the bank of symbol decoders is a de-interleaving, rate identification, de-
puncturing and de-scrambling. Symbol estimates and their likelihoods -are passed out of
the bank of decoders for one of the most-likely data rates. In addition, symbol likelihood
estimates are fed back around to both the MMSE-based symbol estimator (21) and

MMSE-based amplitude estimator (23) over lines 17 and 18, respectively.

The new symbol likelihoods are used to update previous amplitude estimates in

23. The procedure for implementing the MMSE-based amplitude estimator will be

Collision Communications, Inc. EX2013
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discussed shortly. The new amplitude estimates are passed to 21 over line 19. Module 21
then re-estimates the symbols based on prior information on the symbols and the updated
parameter estimate. These updated symbol estimates are then routed to the bank of
single-user decoders. This process is repeated for either some fixed number of iterations

or until the estimates of the bit error rate or frame error rate achieve some desired level.

The apparatus in Figure 2 describes the procedure for calculating initial amplitude
estimates iﬁ module 20 of Figure 1. The initial amplitude estimate obtained in module 20
of Figure 1 is based on the incoherent integration of the matched filter output over some
observation interval. This procedure consists of applying a bank of matched filters for all
users K and all symbols F to the data vector received over line 10 of Figure 1 and line
50 of Figure 2. The KF X1 vector representing the matched filter outputs is represented

by
y=S"r=S"SAb+8"n,. Equation 4

The estimate of the amplitude is based on summing the squared outputs of the

matched filter for each user, which is represented by
A2 1 d 12 - .
a; = 7 Zlyi,kl Equation §
i=1

The summation over F is performed for all K users to obtain K initial amplitude '
estimates for the K users. Since the estimate is based on incoherent integratation, the

estimate is biased which is illustrated by the expected value of the initial amplitude

estimate for an arbitrary users &

Collision Communications, Inc. EX2013
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E -‘[‘i’? :l =a;+ % i EK: Py (i)a? Equation 6

i=1 j=1
JEk

where the bias is represented by the last term in Equation 6 and p?, (i) = (sf (i)s, (i ))2 .

An inactive user is defined as a signature signal that is not present. The expected

value of the amplitude estimate for an arbitrary inactive channel is defined as

E [aAi%mclive ] = %i zK: p_/?,inacive (l)a]2 Equation 7

i=1 j=1
where 07,0 (i) = (si’:m.w (i)s; (i ))2 . Since no signal is present for inactive users, a
nonzero value for the expected value of the estimate for amplitude squared for inactive
signature vectors is due to the presence of other active channels. Comparing Equations 6
and 7 suggests that examination of the estimate of squared amplitudes for non-active
users can be used to estimate the bias relative to active users. The concept based on

Equations 5 through 7 is illustrated in Figure 2, titled Initial Amplitude Estimation.

A data stream 50 representing the received signal, potentially complex, is
received from some source. A bank of filters, represented by 51, 56, 61, 66, and 71 is
applied to the data stream. The first set of filters (51, 56 and 56) consists of filters
matched to users that have been determined to be active based on an energy detector.
Filter 51 corresponds to a filter matched to the signature signal for user 1. Similarly, filter
56 corresponds to a filter matched to the signature signal for user 2. Note, the size of the
bank of filter is based on the number of users determined to be active. This number is
represented by the term K . A squaring operation (52, 57, and 62) is applied to the ouput

9
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of each matched filter. These outputs are then passed to a bank of summers (53, 58, and
63) which are used to implement Equation 5 and accumulate energy in each of their
respective processing chains, note the proper scaling required for averaging is included in
the output of the summers. As previously mentioned these estimates of squared amplitude

are biased, therefore, the bias removal component will now be discussed.

A second set of filters (66 and 71) consists of filters representing other channels
that are were determined to be inactive. A bank of filters matched to these inactive user’s
signature signals is applied to the data stream 50. These channels have been determined
to be inactive based on an energy detector. Note, the size of the bank of filter is based on

an arbitrary number of users determined to be inactive.

Following the application of the inactive filters, amplitude squared estimates are
divided into groups for averaging, where these groups can be based on various types of
criteria. For example, in the case of CDMA, the estimate of the bias for all code channels
corresponding to a sector is based on an average of the amplitude estimates for the non-
active channels in that same sector. Therefore, all outputs corresponding to inactive users
in the same sector are grouped together for averaging. This procedure is illustrated in
Figure 2, by the averaging of the amplitude squared estimates in module 69. This
combines all the estimates correponding to the inactive users 1 through J . Using this
type of approach for a CDMA cellular system, each sector will have a different estimate
of the amplitude bias and all channels corresponding to the same sector use the same
estimate of amplitude bias. For another multiple access system, the criteria for grouping

prior to bias averaging may differ.

10
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Following the computation of the amplitude bias in module 69, the bias is passed
to modules 54, 59, and 64 for bias removal. Note, that source of the bias is a function of
the grouping criteria. For example, for the case of CDMA, only the bias from the same
sectors are used for bias removal. The illustration in Figure 2 shows the output 70 going
to all bias removal modules (54, 59, 64) which presumes they obey the grouping criteria.
The initial amplitude squared estimate obtained for the active channels has an estimate of
the bias removed in modules 54, 59, and 64. Following the bias removal, the initial
amplitude squared estimates are passed out to the remaining modules in Figure 1, over

lines 55, 60, and 65 in Figure 2.

The initial amplitude squared estimates in module 20 of Figure 1 are updated in
module 23 of Figure 1. The apparatus for updating these amplitude squared estimates is
described in Figure 3. The solution described in Figure 3 is based on the assumption that
the amplitude is nearly constant over some observation window. Since this solution is
based on the MMSE criteria, this approach is easily extended to time-varying amplitudes,

however, only the windowed based estimator will be discussed here.

A stream of data representing the received signal on line 10 of Figure 1 is also
passed to the MMSE-based Joint Amplitude Estimator in module 23 over line 25. This
data stream is divided up into M observation intervals as illustrated by 7, 7,, through
r,, -on lines 101, 102 and 103 respectively, in Figure 3. These intervals can be based on

time, code, or frequency. For the example presented here, let the observation interval
refer to time. These observation intervals each enter a different processing module,

illustrated by modules 111, 112, and 113. Note, that module 113 refers to the M™

11
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observation interval. In each processing module, an MMSE filter is computed which is

defined for an arbitrary observation interval m as
Gm = Berfn’ (SmZerI: + 0.31)71 . Equation 8

The term B, refers to a diagonal matrix representing the expected bit or symbol

value in interval m for all K users. For example,

b 0 0
B, = O z O 1, Equation 9
0 0 by

where l;k represents the expected value of the symbol for user ‘& . For illustrative

purposes, for BPSK systems, I;k =2p, —1, where p, equals the probability that the
symbol equals 1. The term S, is similar to that presented in Equation 2, except here S,

represents the “S-matrix™ defined over a single observation interval, while S in Equation
2 is defined over F observation intervals. Therefore, S in Equation 2 contains the

'S, defined here. The term x,, represents the amplitude uncertainty and is rewritten as
X = (Q +A? ) A, Equation 10

which more clearly defined the amplitude uncertainty in terms of the bit uncertainty, A,

the initial amplitude uncertainty, €2, and the expected value of the amplitude A . The

terms , A, &,and A are all diagonal matrices each element along the diagonal

12
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corresponding to a different active user, therefore, y,, is a diagonal matrix. This

formulation assumes the amplitudes and corresponding uncertainties are constant for the

M observation intervals.

Following the computation of M different MMSE filters in modules 111, 112,
and 113, the MMSE filter is applied to components of the data stream corresponding to
the same observation interval. However, prior to application of the MMSE filter,
interference cancellation is performed based on the expected value of the bits,

represented by B, and prior estimates of the amplitude for all K users, represented by

the Kx1 vector a'™'. The interference cancellation is represented by

=r,—-S,B,a™". Equation 11

Il

Therefore, application of the MMSE filter following interference cancellation is

represented by

Aa, =G, (_r;m -S,B,a"’ ) Equation 12.

The amplitude estimator is defined in module 114 of Figure 3. It is an iterative

! with information based

formulation that updates previous estimates, represented by a'
on new estimates of the users bits and data rate. These new estimates are represented by

a'. The MMSE-based joint amplitude estimator in module 114 combines the individual

estimates, Aa,, , in a weighted manner. The weighted combination is expressed by

13
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M
a=da"+ (Qm (o+ 1)_1 Q' ) Y Aa Equation 13
where
M
0=>0, Equation 14

As indicated by Equation 13 and module 114, the individual estimates from
modules 111-113 are passed to module 114 over lines 107-109. These individual

estimates, Ag,, , are K X1 vectors which are then summed together in module 114. Theses
estimates are then weighted by.(Q”2 (Q+1)" Q" 2) where Q"? is a diagonal matrix

containing the standard deviation.of the amplitude estimates and Qis represented in
Equation 14. The term Q is a:summation of quadratics computed in modules 111-113.

Each quadratic is computed by
0,=G,S,B, Equation 15

which is shown to be based on the MMSE filter for the respective opservation region
defined in interval m . Therefore each module responsible for an observation interval
must compute: the MMSE filter (see Equation 8); apply interference cancellation to the
sectién of the data stream corresponding to the observatioﬁ interval (see Equation 11);
apply the MMSE filter to the interference mitigated data vector (see Equation 12); and

computed the quadratic (see Equation 15).

14
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The outputs of each module (111-113)is a K X1 vector Ag, and ahermitian
matrix Q,, which isa K xK matrix with K (K +1)/2 unique elements. These two

outputs are passed to the Amplitude Estimator in module 114 over lines 107-109. The
prior amplitude estimates, @' are updated to ¢’ and passed out of module 114 over line
110 to the individual modules defined for the observation intervals (see 104-106). This
feedback is part of the iterative implementation inherent in this MMSE formulation.
However, the amplitude estimates are not updated until the bits (or symbols) have been
updated in module 22 of Figure 1. Following the implementation of 21 and 22 in Figure
1, the symbols are fed back to the MMSE-based joint amplitude estimator in module 23
6f Figure 1 where prior amplitude estimates will be updated as described in Figure 3. As
previously mentioned the number of iterations is dictated by the user which is defined for
either a fixed iteration number or until the frame error rate or estimate bit error rate

metric reaches some desired level.

The amplitude estimate also exits module 114 over line 115 to the MMSE-based
symbol estimator. Since for this particular implementation, the amplitudes are constant
over the observation interval described for M smaller observation intervals, the same
amplitude estimate is reported to each MMSE-based symbol estimator in module 21 of
Figure 1. This approach is easily modified for a variable amplitude estimate which varies

over the entire observation interval.

The apparatus in Figure 4 provides a more detailed characterization of Figure 1.
Figure 4 shows an implementation that parallelizes the joint estimation based on

M observation intervals. The data stream in 10 of Figure 1 is partitioned into

15
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M observation intervals which are seen in Figure 4 as the data vectors arriving on lines

201-204. As in previous diagrams, the number of observation intervals is generalized

to M intervals. These data vectors are processed immediately by a bank of MMSE filters

which are implemented on M processors, 209-212, for all M observation intervals. Each

processor simultaneously estimates symbols for all K users. Note, more than one

processor can exist per node. A node is a generic processing component and therefore 9
may be considered as a microprocessor chip or processing board. In addition, these data

vectors -are read into memory local to the processors, 205-208 because they are used

repeatedly for the multiple iterations in this iterative approach to symbol, amplitude, and

rate estimation.

The output of each MMSE processor 4, is a vector of K symbol likelihoods or

symbol bits for observation interval m . Symbol bits are provided on the output if
thresholding is performed within the MMSE processor. The benefit of supplying
likelihoods to the decoders is the improved performance when using soft-decoders. The
outputs, 217-220, are intended to represent M K X1 vectors passed to the system area
network (SAN) which will then pass K M x1 frames of likelihoods (or symbols) to a
bank of decoders. Note the same nodes used for implementing the bank of MMSE filters
for symbol estimation will now be used to implement the K decoders, 226-229. These

decoders are partitioned between the compute nodes.

Symbol likelihoods are routed over the SAN based on the assignment of decoders
to processing components. The SAN routes the M K x1 vectors .of symbol likelihoods

from the processing nodes , previously used to perform MMSE-based 'symbol estimation,

16
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to the same set of processing nodes which will now perform the bank of decoders. The
SAN passes K frames of M x1symbol estimates to the K decoders over lines 222-225.

The frames of symbols are represented by f, for the K uers.

The number of decoders corresponds to the number of users, K . The bank of
decoders may implement hard-in, soft-out or soft-in, soft-out decoders. In -addition to
decoding, this bank of decoders must perform descrambling, de-interleaving, de-
puncturing, and rate identification. The output of each decoder, f, ,is M x1vector
representing and update of M likelihoods in the frame following the implementation of
the decoders. The K frames of M X1 likelihoods, f,, are presented on lines 230-233. In
addition, the decoders supply likelihoods of the bits values on lines 234-237 for the same
collection of symbols, the number of bits per user is dependent on the data rate. These bit

likelihoods are available at any time in the iterative scheme for post-processing such as a

cyclic reduction check, which is used to determine frame errors.

The likelihoods of the symbols are fed-back around to the bank of MMSE filter,
however, now the MMSE filter are used for amplitude estimation. The K M x1vectors of
likelihoods, ]_‘,c , are routed using the SAN to the same bank of processing nodes which
will now perform the another bank of MMSE filters. The K M x1vectors of likelihoods,

)_”k , on lines 238-241 prior to the SAN are sent to the the MMSE filters as M K X1 vectors

of likelihoods, b_, over lines 243-246.

» Umo

The same bank of processors used to perform the MMSE filters in modules 213-

216 will now be used for MMSE filter implementation for amplitude estimation,
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illustrated by modules 251-254. The MMSE modules in amplitude updating will focus
on the same observation intervals analyzed during symbol estimation. The MMSE
processors at this stage will be implementing the functions in modules 111-113 in Figure
3. This bank of MMSE filters draw from the local memory (247-250) to retrieve prior
amplitude estimates, updated symbol estimates, S-matrices, and the received data vector

corresponding to the observation interval m .

Recall from Figure 3, each amplitude MMSE computes an amplitude update
vector, Aa,, , which are K x1 vectors. Each amplitude update vector must be passed to a
central node which will implement the functions in module 114 in Figure 3. Therefore,
all individual update vectors are passed to a central processing node via the SAN over
lines 255-258. Recall, that the amplitude estimate is updated by weighting the sum of all
amplitude updating vectors. The weighting is based on quadratic terms reflecting the

uncertainty in the update, g, . These quadratic terms are also passed to the central node to

provide the necessary weighting.

The SAN passes all Aa,, vectors (M vectors of size K x1) and Q, matrices, (M
hermitian K x K matrices with K (K +1)/2 unique elements) over lines 260-263 to a

central processing node, 264. Module 264 computes the functions in 114 of Figure 3 and
the updated estimate gets distributed to all M processors used for the next MMSE-based
symbol estimation. Therefore, module 264 passes the updated amplitude estimate to the
SAN over line 231 and the SAN fans out this estimate for all K users tothe M
processors over lines 266-269. The updated amplitude estimate refreshes the ampliutde

estimates stored in the local memory to all MMSE processors. Following the receipt of
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the updated amplitude estimates, the next iteration of the MMSE-based symbol estimator
is implemented. Therefore, modules 209-212 repeat the symbol estimation on the next
iteration using the new amplitude estimates. As mentioned in the discussions describing
Figure 1, Figure 4 is implemented until estimates of the bit error rate metric acheives a

certain level or until a fixed number of iterations has been executed.

The configuration presented in Figure 4 is an attractive implementation because
bandwidth requirements are minimized by passing a total of only K -M floating point
numbers over the SAN. The exception to this is during amplitude updating when the

matrices Q,, are passed to a central node. Bandwidth can be minimized here by
approximating O, as a diagonal and therefore pass a total of 2K - M floating point

numbers during amplitude updating. Since the MMSE operations, both symbol .and
amplitude, occur at the same processing nodes, less data is passed along the SAN and

efficient techniques can be used to exploit previous MMSE filter weights.

The communications configuration described in Figure 4, is more easily
recognized in Figure 5. Figure 5 shows .L nodes responsible for all processing. These L
nodes pass data between themselves using a‘high speed interconnect for the system area
network (SAN). The modules 311-315 correspond to the time when the L nodes are used
to implement the bank of M MMSE filters for symbol estimation in M observation
intervals. In the second column, the same L nodes are used to implement the SISO
decoders, which is illustrated by modules 321-325 in Figure 5. This stage of the
algorithm corresponds to modules 226-229 in Figure 4. The decoders for K users are

distributed among the L nodes.

19

Collision Communications, Inc. EX2013
Case No.: IPR2025-00303
Page 21 of 33



20030076 PRO

The communication between nodes from the MMSE stage to the nodes for the
decoding stage of the algorithm is illustrated by example. To simplify this discussion, let
the number of nodes equal the number of observation intervals, L =M . This
simplification is not an architecture restriction, but simply a convenient way to illustrate
the communication between nodes. Based on this simplification, the output of each node
in the first column is a K X1 vector representing symbol estimates for the K users. Each
node in the second column is responsible for decoding a subset of the users. To further
simplify the discussion, let each node in column 2 execute 2 decoders. Therefore, based
on these simplifications, for purposes of explanation only, the symbols corresponding to
users 1 and 2 from the first observation interval, module 301, remain at Node 1 for the
decoding users 1 and 2 (seé line 306). The symbols for the same 2 users in the second
observation interval, 302, are passed over the high-speed interconnect to Node 1 in the
second colurnn, 321 over line 307. Similarly, the symbols for the same two users in the
third observation interval are also passed to 321 over line 308. This procedure continues
for the M observation intervals for the symbols corresponding to the first 2 users (see

lines 309 -310).

Node 4 in the second column is responsible for decoding users 7 and 8, therefore,
324 will receive 2 symbols corresponding to users 7 and 8 from all of the L observation
nodes (see 301-305). For example, Node 1 passes the symbol estimates of users 7 and 8
to 324 over line 311. Similarly, Node 2, passes the symbol estimates for users 7 and 8 for
the 2nd observation interval to 324 over line 312. This process is repeated for Node 3, see
line 313. For Node 4, the symbol estimates of users 7 and 8 corresponding to the 4"

observation interval remain at the 4™ node for the MMSE implementation, see line 314.
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This procedure continues for all L. nodes in the second column, modules 321-325.
Therefore, symbol estimates out of the MMSE symbol estimators are routed from the
M observation intervals to the K decoders, based on the mapping of the K decoders to

the L available processing nodes.

The third column represents the L nodes, implementing the MMSE stage of the
amplitude estimator, see modules 251-254 in Figure 4. Prior to implementing the
amplitude estimator, the nodes 341-345 must receive all symbol likelihoods following the
execution of the single user decoders in modules 321-325. The likelihoods of the symbols
out of the K decoders are routed back to the M MMSE filters for the amplitude
estimation stage of the algorithm described in Figure 4. For this example, 2 decoders -are
implemented ‘per node in fhe 2™ column (321-325) and 1 MMSE is executéd per node in
the 3™ column (341-345). The output of Node 1 in the 2" column is a M x2 array of
likelihoods corresponding to the M symbol likelihoods for the first two users after
implementing the decoder, descrambler, de-interleaver, and rate identification. Node 1 in
the 3™ column retaihs the symbol likelihoods for the first two users in the first interval,
illustrated by line 326. Node 2 in the 3" column is responsible for the MMSE
implementation over the second observation interval. Therefore, the second set of bits in
the M X2 array is passed from Node 1 in ond column, 321, to Node 2 in the 3 column
(see line 327). This is repeated for all M observation intervals (lines 326-330). Therefore,
the outputs of the decoder are passed to all nodes computing the amplitude updating

vector in the M observation intervals.

The 4™ column is responsible for updating the amplitude estimate by

implementing the functions in 114 of Figure 3 and 264 of Figure 4. This is shown by
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performing this operation at a single :ndde, Node 3 of Figure 5, module 353. Note, the
other nodes at this stage of the algorithm remain idle while the amplitude estimation is
completed. Therefore the high-speed interconnect passes the amplitude updating vector
and quadratics from the L nodes in the 3™ column to a central node over lines 346-350.
The functions in module 114 of Figure 3 are implemented and the amplitude estimate is
“fanned-out” to all of the L processing nodes for the next round of symbol estimation
occurring at the next iteration. Therefore, the new amplitude estimate for all K usersis .
distributed to all the L nodes over lines 356-360. The L nodes in the 5™ column
recompute the symbol estimates, using the new amplitude estimates, for the X wusers in
the M observation intervals in modules 361-365. The stages and data routing over the
‘high-speed interconnect are repeated until the maximum number of iterations is achieved:

or the desired bit error rate is reached.
It will be appreciated that this new implementation:

a.) Solves the problem of the unknown channel parameters in the Wang / Poor

detector -
b.) Can work with many varieties of multiuser detectors, currently in the public
domain, or emerging

c.) Dramatically reduces the number of computations needed in a blind approach
(no pilot tones or training sequences are required) to joint signal demodulation,

so that reliable operation can be achieved in a real-time implementation.

It will also be appreciated that:
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a.) Since this technique does not require knowledge of training sequences or
existence of a pilot signal, it is considered a blind approach to symbol and data

rate estimation

b.) Efficient implementation of blind estimation because of the high degree of
parallelism
c.) Efficient implementation because of reduced number of operations associated

with updating MMSE filter tap weights.

d.) Efficient implementation because the number of iterations required to achieve a
certain bit-error-rate for case of unknown amplitudes is typically similar to the
case when the amplitudes are completely known. This efficiency occurs
because the degradation in bit-error-rate for the case of unknown amplitudes is

manageable relative to the case of known amplitudes.

e.) This approach represents a new method to estimate channel amplitudes,

extensions to time-varying channels is obvious.

f.) This approach represents a new method to reduce biases in amplitude estimates

based on incoherent integration.

While the present invention has been described in connection with the preferred
embodiments of the various figures, it is to be understood that other similar embodiments
may be used or modifications and additions may be made to the described embodiment
for performing the same function of the present invention without deviating therefrom.

Therefore, the present invention should not be limited to any single embodiment, but
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rather construed in breadth and scope in accordance with the recitation of the appended

claims.
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Claims

What is claimed is:

1. A method for turbo-decoding for joint signal demodulation by a windowed-based
Minimum Mean Squared Error (MMSE) which is easily extended to time-varying
channels comprising the step of using an iterative decoding solution that exploits

error correction codes.
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Abstract

The invention solves the previously mentioned problem tightly integrating the
following components: parameter estimation, symbol hypothesis testing, decoding, and
rate identification. The approach assumes a module implemented prior to this module has
identified the modulation scheme (e.g. CDMA). The solution presented here is a
windowed-based Minimum Mean Squared Error (MMSE) approach to Turbo-decoding
for joint signal demodulation, which is easily extended to time-varying channels. The
invention described here is based on an iterative decoding solution that exploits error
correction codes. In addition, the approach defined here is suitable for symbol
asynchronous as well as symbol synchronous. Also, this algorithm is suitable for a

variety of signaling schemes such as M-ary Phase Shift Keying (MPSK).
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