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(57) Abstract: Systems and methods for underwater communication using a SISO acoustic channel. An acoustic receiver may receive
a signal comprising information encoded in at least one transmitted symbol. Using a Bi-SDFE, the at least one transmitted symbol
is estimated. The Bi-SDFE may include a SDFE and a time-reversed SDFE that each output bit extrinsic LLRs, which are combined
into combined bit extrinsic LLRs. The estimated symbol is then mapped to the combined bit extrinsic LLRs, the result of which is
de-interleaved. Iterative bit extrinsic LLRs are generated with a MAP and/or sott-decision decoder using the mapped, combined bit
extrinsic LLRs as a priori LLRs for the Bi-SDFE in another iterative estimation. The iterative bit extrinsic LLRs are interleaved and
transmitted for use by the Bi-SDFE in another iterative estimation. After a plurality of iterations, a hard decision of the transmitted
symbol is generated with the MAP and/or soft-decision decoder.
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IMPROVED TURBO RECEIVERS FOR SINGLE-INPUT SINGLE-OUTPUT
UNBERWATER ACOUSTIC COMMUNICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

6001} This application, having attorney docket number 17MSTO15/UNOM.271561 and
entitled “Improved Turbo Receivers for Single-Input Single-Output Underwater Acoustic
Communications,” claims priority to U.S. Provisional Application 62/483,358, filed April 8,
2017, entitled “Improved Tuwrbo Receivers for Single-Input Single-Output Underwater
Acoustic Communications.” The entirety of the aforementioned application is incorporated by
reference herein.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[6662] This nvention was made with U.S. Government support by way of Grant
Numbers BECCS-0846486 and ECCS-1408316 awarded by the National Science Foundation
and Grant Number N00014-10-1-0174 awarded by the Office of Naval Research. The

Government has certain rights in the invention. See 33 U.S.C. § 202(c)(6).

FIELD
[0063] The present invention relstes generally to improved systems and methods for
performing equalization and decoding of single-input single-output (*SISO”) underwater

acoustic communications.

BACKGROUND
[0004] Wireless underwater communication using an acoustic channel as the physical
layer for communication is desirable for many types of scientific and commmercial endeavors in
the ocean. However, the underwater acoustic ("UWA™) channel presents many unigue

challenges for the design of underwater communication systems. Some of these challenges
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include time-varying multipath signals due to reflections off the moving surface waves and
rough ocean bottom, which can cause echoes and signal interference. Further, relative motion
of a transmitter and a receiver induces Doppler spread of the signal. In addition, noise is
introduced by wind, shipping traffic, and variouns forms of ocean life, which can mask a portion
of the signal and block the corresponding carried data. These challenges can cause the UWA
signal to fluctnate randomly and as a result make the selection of modulation and error

correction techniques very challenging.

BRIEF SUMMARY

[6005] This Summary is provided to infroduce a selection of concepts in a simplified
form that are further described below in the Detailed Deseription. This Sumwmary is not
intended to identify key features or essential features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the claimed subject matter. The
present invention is defined by the claims.

[6006] At a high level, aspects of this disclosure provide technologies for underwater
communication systems and, in some embodiments in particular, systems and methods that
utilize turbo equalization of SISO UWA iransmissions. The turbo equalization may be
performed by a receiver using a bidirectional sofi-decision feedback turbo equalizer (*Bi-
SDFE”} or various other channel estimation minimum mean squared error turbo equalizers
(“CE MMBESE-TEQs”) and direct-adaptation turbo equalizers ("DA-TE(Qs”). In some
embodiments, the Bi-SDFE may use a time-reversed soft-decision feedback equalizer
(“SDFE”} in conjunction with a normal SDFE to harvest the time-reverse diversity in decision
feedback equalization. Both the normal SDFE and the time-reversed SDFE may be low-
complexity SDFEs. A linear combining scheme may be used fo combine exirinsic log
likelihood ratios (“L.LRs”) at the outputs of each of the normal SDFE and the time-reversed

SDFE thus achieving better robustness and performance of the recetver. The combined LLRs
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are used to estimate coefficients of a covariance matrix and a mean vector of the outpuis of the
normal SDFE and the time-reversed 5DFE by time averaging. The estimated covariance
matrix and the mean vector of the outputs are then used for adaptation of the SDFE filter
coefficients in a next iteration of turbo equalization. In this way, embodiments of this
disclosure improve UWA communication systems by increasing reliability; reducing
complexity, size, and cost; and making such systems more robust under harsh channel

conditions as well as the expected challenges present in an underwater environment.

BRIEF DESCRIPTION OF THE DRAWINGS
6607} The patent or application file contains at least one drawing executed in color.
Copies of this patent or patent application publication with color drawing(s) will be provided
by the Office upon request and payment of the necessary fee.
[0008] The present invention is described in detail herein with reference to the attached
drawing figures, which are incorporated herein by reference, wherein:
[6009] FIG. 1 depicts an exemplary operating environment for a SISO UWA
communication system in accordance with an aspect hereof
[6010] FIG. 2 depicts a block diagram of an exemplary transmitier of the SISO UWA
communication system in accordance with an aspect hereof;
(6011} FIG. 3 depicts a block diagram of an exemplary turbo receiver of the SISO
UWA communication system in accordance with an aspect hereof;
6012} FIG. 4 depicts a block diagram of an exemplary channel-estimation based
bidirectional soft-decision feedback turbo equalizer in accordance with an aspect hereof]
[6013] FIG. 5 depicts an exemplary channel-estimation based soft-decision feedback
turbo equalizer in accordance with an aspect hereof;
6014} FIG. 6 depicts an exemplary channel-estimation based linear minimum mean

squared error turbo equalizer in accordance with an aspect herecof;
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[6015] FIG. 7 depicts an exemplary soft decision direct-adaptation turbo equalizer in
accordance with an aspect hereof;

[6016] FIG. 8 depicts a flow diagram illustrating a method for underwater
communication using a 5ISO channel in accordance with an aspect hereof]

66171 FIG. 9 depicts a flow diagram illustrating a method of estimating a transmifted
symbol using a bidirectional sofi~decision feedback turbo equalizer in accordance with an
aspect hereof;

[6018] FIG. 10 depicts the burst scheme of the »ith transmit branch in the SPACE0QS
experiment used for a test of aspects hereof;

(6019} FIG. 11 depicts the time evolution of four typical channel impulse responses
obtained in the test of aspects hereof;

(6020} FIG. 12 depicts a plot of bit-error-rate versus packet index using (QPSK
modulation during the test of channel estimation based turbo equalizers in accordance with
aspects hereof;

(G021} FIG. 13 depicts a plot of bit-error-rate versus packet index using 8PSK
modulation during the test of channel estimation based turbo equalizers in accordance with
aspects hereof;

(6022} FIG. 14 depicts a plot of bit-error-rate versus packet index using 16QAM
modulation during the test of channel estimation based turbo equalizers in accordance with
aspects hereof;

(6023} FIG. 15 depicts a plot of bit-error-rate versus packet index using QPSK
modulation during the test of soft decision direct-adaptation turbo equalizers in accordance

with aspects hereof;
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6024} FIG. 16 depicts a plot of bit-error-rate versus packet index using &PSK
modulation during the test of soft decision direct-adaptation turbo equalizers in accordance
with aspects hereof;

G025} FIG. 17 depicts a plot of bit-error-rate versus packet index using 16QAM
modulation during the test of soft decision direct-adaptation turbo equalizers in accordance
with aspects hereof; and

6026} FIG. 18 is a block diagram illustrating an exemplary computing device that may

be used with systems and methods in accordance with aspects hereof.

DETAILED DESCRIPTION

(606271 Subject matter is described throughout this disclosuwre in detail and with
specificity in order to meet statutory requirements. Bui the aspects described throughout this
disclosure are intended to be illustrative rather than restrictive, and the description itself is not
intended necessarily to limit the scope of the claims. Rather, the claimed subject matter might
be practiced in other ways to include different elements or combinations of elements that are
similar to the ones described in this disclosure and that are in conjunction with other present,
or future, technologies. Upon reading the present disclosure, alternative aspects may become
apparent to ordinary skilled artisans that practice in areas relevant to the described aspects,
without departing from the scope of this disclosure. It will be understood that certain features
and subcombinations are of utility and may be employed without reference to other features
and subcombinations. This is contemplated by and is within the scope of the claims.

(6028} As described above, the underwater acoustic (“UWA”) channel presents many
unique problems for the design of underwater communication systems. These problems, which
can cause the UWA signal to fluctuate randomly, include inser alia, attenuation due to the
absorption of the acoustic waves in water, low propagation speed of the sound, multipath due

to the reflection from the bottom and surface of the sea causing echoes and interference,
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heterogeneous characteristics of the UWA channel as well as Doppler’s effect caused by the
movement of the water medium, the {ransmitter and/or the receiver, and noise in the ocean that
can mask a portion of the signal and block the corresponding carried data.

[6629] Regarding the multipath problem, the effect of time-varying multipath
propagation is intersymbol interference (“ISI”) in the digital communication system that
extends over several tens o several hundreds of symbol periods. To mitigate some of these
challenges, high-data-rate coherent modulation and detection in UWA communications are
utilized. Effective synchronization is inhibited by time-varying IS and effective equalization
of such ISI relies on successful synchronization. Thus, a receiver is viilized that jointly
addresses synchronization and equalization. The receiver employs an adaptive decision
feedback equalizer (“DFE”) with embedded carrier recovery. The equalizer coefficients and
carrier recovery parameters then can be jointly estimated according to a minimum mean sqguare
error (*“MMSE”"} criterion.

[6030) Turbo equalization provides significant performance gains, even in severe IS]
channels, through iterative sofi-input/soft-output equalization and decoding. Currently, two
classes of turbo equalizers may be used in UWA communications: channel estimation based
minimum mean square error turbo equalizer (“CE MMSE-TE(Q”) and direct-adaptation turbo
equalizer (“DA-TEQ").

[B031] When using a CE MMSE-TE(Q, the UWA channel may be explicitly estimated
and incorporated into the calculation of MMSE equalizer coefficients, When using a DA-TEQ,
the coefficients of the equalizer may be directly estimated with adaptive algorithms. Since a
large size matrix inversion operation in the CE MMBE-TEQ is avoided, the DA-TEQ exhibits
lower complexity and is more atiractive for hardware implementation. After initial training,

DA-TEQs typically use hard-decisions of the equalizer output to track the time-variations of
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the UWA channel. A drawback of this hard decision direcied adaptation is the error
propagation, which may result into a catastrophic failure of the convergence.

[6032] Additionally, conventional implementations of twbo equalization in UWA
communication systems require a physical hydrophone array at the receiver. However, a
practical issue for undersea network or point-to-point UWA communications is the physical
size of the modems. In contrast, embodiments of the present disclosure provide a robust
solution to the UWA channel problems using a single receiving element.

[6033] At a high level, aspects of this disclosure provide technologies for underwater
communication systems and, in some embodimenis in particular, systems and methods that
utilize turbo equalization of SISO UWA fransmissions. The turbo equalization may be
performed by a receiver using a bidirectional sofi-decision feedback turbo equalizer (“Bi-
SDFE”} or various other channel estimation minimum mean squared error turbo equalizers
(“CE MMSE-TEQs”) and direct-adaptation turbo equalizers (“DA-TE(Qs”). In some
embodiments, the Bi-SDFE may use a time-reversed sofi-decision feedback equalizer
(“SDFE”) in conjunction with a normal SDFE to harvest the time-reverse diversity in decision
feedback equalization. Both the normal SDFE and the {ime-reversed SDFE may be low-
complexity SDFEs. A linear combining scheme may be used {o combine exirinsic log
likelihood ratios (“LLRs”) at the outputs of each of the normal SDFE and the time-reversed
SDFE thus achieving better robustness and performance of the receiver. The combined LLRs
are used to estimate coefficients of a covariance matrix and a mean vector of the outputs of the
normal SDFE and the time-reversed SDFE by time averaging. The estimaied covariance
matrix and the mean vector of the outputs are then used for adaptation of the SDFE filter
coefficients in a next iteration of turbo equalization. In this way, embodiments of this

disclosure improve UWA communication systems by increasing reliability; reducing
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complexity, size, and cost; and making such systems more robust under harsh channel
conditions as well as the expected challenges present in an underwater environment.

[6034] Turning now to the drawings and referring initially to FIG. 1, an exemplary
operating environment is depicted for a point-to~-point SISO UWA communication system 10.
The ithustrated system 10 is s single carrier modulation system having 2 single transmit
projector and a single receive hydrophone. The system 10 includes a transmitter 12 that
employs an interleaver and a channel encoder, which is configured to embed information bits
into signals {(e.g., signal 13a, 13b, 13¢, 134, 13e) and send the signals through to a SISO UWA
channel. The system 10 further includes a turbo receiver 14 that is configured to receive signals
{e.g., signal 13a, 13b, 13¢, 134, 13¢) from the SISO UWA channel and decode the information
bits.

[B035) Turning to FIG. 2, a block diagram of the transmitter 12 of the system 10 is
illustrated. The transmitter 12 is configured o encode and interleave a sequence of information
bits {bi}ﬁf’i, The interleaved coded bits are grouped as ¢ = [c1 c, o ﬁKc}, where ¢, denotes
the ith coded bit vector [cm Crz ™ ck,q} with the jth bit ¢, ; € {0, 1}. A symbol mapper maps
each coded bit vector ¢, 1o 2 symbol x;, from the 29-ary alphabet set S = {og, 00, oa §,
where &; corresponds to a deterministic bit pattern 5; = Esu Sig si,q] with 5;; € {0,1}.
In other words, the syvmbol mapper maps a group of interleaved encoded bits with a specific
symbol. After symbol mapping, the transmitter 12 is configured to upsample and pulse-shape
a baseband signal. The pulse shaped signal is modulated with a single carrier and then
transmitted to the SISO UWA channel.

[0036] Turning to FIG. 3, a block diagram of the turbo receiver 14 of the system 10 is
tlustrated. The turbo receiver 14 is configured to synchronize the received signal and
demodulate it to baseband. Afier down sampling, the symbol rate received baseband signal at

time instant & is determined by equation (1} below.



WO 2019/018017 PCT/US2018/026757

L1
Vi = z Byxp—y + 1y (13

i=0
6037} In equation (1), h; is the /th tap of the length-/. baseband equivalent UWA channel
and xy,..; is the symbol transmitied at time instant £ — /. Also in equation (1}, n, represents the
sampled noise that is modeled as additive white Guassian noise with zero mean and variance
g2. The sampled noise may include noise introduced by other factors present in or adjacent to
the operating environment {e.g., FIG. 1), such as wind, shipping traffic {e.g., surface ship 16},
and various forms of ocean life {e.g., whale 18 depicted in FIG. 1}. Equation (1) can be
rewritten in matrix form by stacking K = K, + K, + 1 received symbols as a vector 1.
Hence, in matrix form, equation (1} is rewritten as equation (2} below.

= Hx, +n, {(2)

(6038} The vectors 1y, X5, Wy, and H from equation (2) are determined by equations (3a)-

(3d}, respectively, below.
-
Tie = |V, Ve-ipo1 ™ Vierk,) (3a)

T
By = Exk-!{'z-L+1 Kpmiy=th2 ™ xk+Klj (35}

T

Wy = [Wszfz Weery+1 ™" Wk-i—KJ (3¢}
Byq v Ry o D

H = : . “, e, : (3d}
) O TSI N

[6039] The structure of the turbo receiver 14 is composed of two portions, a turbo equalizer
28 and a maximum g posterior probability (“MAP”} decoder 22. In contrast to the classic
separate processing scheme, the turbo receiver 14 joinily performs the channel equalization
and decoding in an iterative fashion. The turbo equalizer 20 estimates the transmitted symbol

%y, with the received signal and the g priori LLRs L, (Ck, j) provided by the MAP decoder 22.

The estimated symbol £, is then mapped to the bit exirinsic LLRs L, {ck, j)., Next, the bit
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extrinsic LLRs L, {ck’ j) are de-interleaved. After the de-interleaving operation, the bit extrinsic
LLRs are transmitted to the MAP decoder 22 and treated as ¢ priori information 12 (ck; j') for
MAP decoding. The MAP decoder 22 outputs corresponding bit extrinsic LLRs L2 (Ck'j j'),
which are fed back to the turbo equalizer 20 (such as a SDFE as further described herein) as
the next iteration bit o priori LLRs L, (% j). Based on the turbo principle, the extrinsic LLRs
are iferatively determined using the turbo equalizer 20 and the MAP decoder 22. The reliability
of the soft decisions (i.e., the estimated symbol of each iteration prior to a hard decision of the
estimated symbol) progressively increases with the number of Hterations. After a phurality of
iterations, the iterative processing stops and a final hard decision of what bit b; is represented
by transmitfted symbol 2, is made by, and output from, the MAP decoder 22. In some aspects,
the plurality of iterations may be set al a maximum number of iterations. In other aspects, the
plurality of iterations may be determined based upon when the turbo equalizer has converged.
For example, the change in LLRs may be used 1o determine whether the turbo equalizer has
converged.

[0440] In some embodiments, the equalizer coefficients may be based on an estimated
channel impulse response or directly estimated through adaptive methods. In embodiments
using CE-based turbo receivers, an iterative channel estimation scheme may be utilized, which
may be implemented via a Normalized Least Mean Square ("NLMS™} algorithm. The
estimated UWA channel is then incorporated into the computation of the MMSE equalizer
coefficients. In DA-TE(s, the NLMS algorithm may be used to directly estimate the equalizer
coefficients without channel knowledge.

[6041] With continuing reference to FIG. 3 and reference to FIG. 4, various embodiments

of turbo equalizers will now be discussed. In one embodiment, turbo equalizer 20 may

comprise a CE-based Bi-SDFE, a CE-based SDFE, a CE-based LMMSE Turbo Equalizer, or

10
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a soft-decision direct-adaptation turbo equalizer (“Soft DA-TEQ™). In other aspects, other CE-
based or direct-adaptation based turbo receivers may be utilized.

[6042] Referring now to FIG. 4, with continuing reference to FIG. 3, a block diagram of
an exemplary Bi-SDFE 24 is depicted. The Bi-SDFE 24 uses a time-reversed SDFE 26 in
conjunction with a Normal SDFE 28 1o harvest the time-reverse diversity in decision feedback
equalization. In some aspects, both the time-reversed SDFE 26 and the normal SDFE 28 may
be the low-~complexity implemented SDFE (as further described in F1G.5). A linear combining
scheme may be adopted to combine the extrinsic LLRs ountput from the time-reversed SDFE
26 (e.g, Lap (ck, }-}) and the normal SDFE 28 {(e.g, Le,f(ck, }-}}‘ For example, equation (4) may
be used fo combine the extrinsic LLRs output fom the time-reversed SDFE 26 and the normal

SDFE 28,
1
Le(cr ) = W(Le;f(ck,j) + Lop{ens)) (4

[6043] In equation (4), L, ;, (ck, j) and L, ¢ (ck‘ j),, respectively, represent the extrinsic L1LRs
from the time-reversed SDFE 26 and the normal SDFE 28 for the same bit index /, and g;
represents the correlation coefficient estimated by time averaging and may be determined with
equation (5) below. Similarly, the mean vector i; » and {i; ; of the outputs of the normal SDFE

28 and the time-reversed SDFE 26 may also be estimated by time averaging.

_ Ziallerons) = By plllenlons) = Bya] )
! (Ko — D60

Eie))

(6044} Referring now to FIG. 5, with continuing reference to FIG. 3, a block diagram of
an exemplary SDFE 30 is depicted. The exemplary SDFE 30 may include a feedforward filter
32 and a feedback filter 34. As illustrated, a received signal ry is combined with a serial
interference canceller HE, prior to the feedforward filter 32. In addition to the combined

received signal and serial interference canceller, an estimated noise variance ¢ and an

11
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estimated channel matrix H are used to adapt the coefficients g of the feedforward filter 32.
An input vector x§ is combined with a time-averaged input vector E{x{} prior to the feedback
filter 34. In addition, one or more feedforward filier coefficients F and the estimated channel
matrix H are used to adapt the coefficients B of the feedback filter 34. The output from the
feedforward filter 32 is combined with the output from the feedback filter 34 and also combined
with an a priori soft decision £, to generate an estimated symbol Z),. The estimated symbol
¥ may be determined with equation (6) below, where d;, is the time-varying offset. Further,
the input vector x§ may be determined with equation (7) below, where the xZ is an a posteriori
soft decision.
%, = Ry + Bxf +d, (6}
Xg = [xifmxg x!f—-i«:'g-}"l xg—-—l}?' {7}
[B045] In a second embodiment, the turbo equalizer 20 may comprise a CE-based SDFE.
For example, the CE-based SDFE may comprise the exemplary SDFE 30 discussed above in
reference to FIG. 5. An estimaied symbol £, may be determined by equation (6) where F is
the feedforward filter, B is the feedback filter of length K; = X, + L — 1, and d;, is the time-
varying offset. The input vector of the feedback filter is defined by equation (7) where x& is
the a posteriori soft decision estimated by combining the o priori LLRs La(ck,j) and bit
extrinsic LLRs L, (cki j). The filters in the exemplary SDFE 30 at each turbo iteration are
determined by equations (8a)-(8¢) below, where €77, C7? and CP? are the covariance matrices.
FA = [a21, + B(CTS - CPP(CO0)-1CPHRE] s (8a)
BH = —(CtPy-1HC/PHEH (8b)
dy = E{x;} ~ FHE{x;} ~ BE{x¢} (8¢)
The covariance matrices €7, € and €Y are defined by equations (9a)-(%c) below.

O = E{xx{} — E{xp }E{x{} (9a)

12
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P =F {xkxﬁH} — E{x, }E {x,‘iH} (95}
=g {xixd"} - Eixd}E xE7] (90

The covariance matrices €77, €% and CP? are computed with the o priori LLRs and the o

posteriori LLRs. The selection vector s is defined as s = ﬁ[ﬁixg{z +i-1) Ig ﬁix{l{i)ET*

[6046] In a third embodiment, the turbo equalizer 20 may comprise a CE~based LMMSE
turbo equalizer that estimates the transmitted symbol £, using the received signal 1y, and the ¢
priori LLRs La(ck, j) provided by the MAP decoder 22. Turning to FIG. 6, with continuing
reference to FIG. 3, a block diagram of an exemplary CE-based LMMSE turbo equalizer 36 is
depicted. The exemplary CE-based LMMSE turbo equalizer 36 includes a serial interference
cancellation (“SIC™} unit 38, a soft mapper 40, and a feedforward filter 42. The a priori
information Ly{cy ;) is provided to the soft mapper 40, which uses the a priori LLRs Lg{cy ;)
to compute an g priori soft decision %,. The a priori soft decision may be determined by

equations (10} and (11) below.

% = B [xel{Lalee )}, ] = ) @Ple = ) (10)
;€8
where
g
(o)
Plx, = a;) = w(i + si;tanh( 4. (11
& H 2 g //2;

and

I +1 if.‘;i;j = {
Si’j - {""’1 ifSi’j = 1.

The a priori soft decision ¥, is fed into the SIC unit 38 along with an estimated channel H
and a reconstructed interference HE,, is output. The reconstructed B#, is subtracied from the
received signal 1y, and fed into the feedforward filter 42. The feedforward filter 42 is adapted

by the estimated covariance v, the estimated channel H, and an estimated noise variance ¢2.

13
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The transmitted symbol x, is estimated by a linear combining of the received signals and the
a priori soft decisions. The estimated transmitted symbol £ is determined with equation
{12} below.

Z = F{r, —H%,) (12)
In equation (12}, the received signal ry is defined by equation (3a) above, F is the
feedforward filter with length X = ky + ky + 1, H is the estimated channel matrix, and the
masked symbol vector &, is defined as ¥, = E'_fk_gz_ﬁl oKy O Xpoy-- .jfk,{_Kle.
6047} In some aspects, due to the computational complexity, the feedforward filter is
computed only once during each turbo iterstion. The feedforward filter is determined by
equation {13) below, where ¥ is the time averaged variances of the fransmitted symbols that is
computed based on the ¢ priori LLRs and by, is the (K, + L)th column of the estimated channel
8.

F = (o2l + 7RAN) R, (13)

[6048] In a fourth embodiment, the turbo equalizer 20 may comprise a Sofi DA-TEQ that
estimates the transmitied symbol £, using the received signal 1, and the o priori soft decisions
La (C’k, j) provided by the MAP decoder 22. Turning now to FIG. 7, a block diagram of a turbo
receiver having an exemplary Soft DA-TEQ 44 is depicted. The exemplary Soff DA-TEQ
includes a feedforward filter 46 and a soft interference cancellation filter 48. The estimated
tramsmitted symbol £, may be determined with equation (14) below, where Fy is the
feedforward filter and B, is the soft interference cancellation filter.

£ = Fir, + B, {14
[0849]  FEquation (13) can be reformulated as £, = GJU,, where Gy = [Ff BI]" is the
concatenation of the feedforward and soft interference filters, and Uy, = [¥f %717 is the overall

input of said filters. The equalizer coefficients may be directly estimated by the DA-TEQ
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utilizing an adaptive algorithm (e.g., NLMS) such as the adaptive algorithm set forth in

equation {15) below.

i
Gy =G+ 22— - { G} U, 15
k+1 k €+rkr,f(xk (G )" Uy ) U, (15}

In equation {15}, ¢ is the step size and ¢ is a small number for regularization.

[B050] To track time variations of the UWA channels, in one aspect the filter adaptation
continues in decision-directed mode after a training phase. In decision-directed mode the
training symbol x; (used in fraining-mode) in equation (14) is replaced with a tentative hard
decision Z,. Such an empirical process has been widely used in prior art DA-TEQs. This prior
art empirical process suffers from a significant drawback; however, hard decision directed
adaptation has significant error propagation that may resull in a catastrophic failure of the
convergence. Hence, an aspect of the present invention is directed to a Soft DA-TEQ that
utilizes the a priori soft decision &, from the MAP decoder 22 (shown in FIG. 3) to direct the
equalizer coefficients adapiation. A MAP decoder 22 is seen in FIGs. 3 and 7 and disclosed as
comprising various embodiments herein; however, in aspects, the MAP decoder 22 may be
replaced or supplemented by a soft-decision decoder.

6051} Turning now to FIG. &, an exemplary method 50 for underwater communication
using SISO acoustic channel will now be discussed. The method 50 may include the step 52
of receiving, at an acoustic receiver, a signal comprising information encoded in at least one
transmitted symbol. The method 50 may further include the step 54 of inputting the received
signal, an estimated channel matrix, and initial a priori LLRs into a SIC filier. The method 50
may also include the step 56 of estimating, using a Bi-SDFE, the at least one transmitted symbol
and a priori LLRs. The Bi-SDFE may comprise a SDFE and 3 time-reversed SDFE that each
output bit extrinsic LLRs that are combined into combined bit extrinsic LLRs (e.g., as in
equation (4) above). In some aspects, the method 50 may further include adding the estimated

a priori LLRs to the combined bit extrinsic LLRs fo obtain first ¢ posteriori LLRs. In other
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aspects, the step 56 may comprise the method for estimating described below in relation to
FIG. 8. The method 50 may further include the step 58 of mapping the estimated, transmitted
symboi to the combined bit extrinsic LLRs. The method 50 may also inclade the step 60 of
de-interleaving the mapped, combined bit extrinsic LLRs. In other aspects, the method 50 may
also include the step of de-interleaving the first o posieriori LLRs. The method 530 may further
include the step 62 of generating iterative bit extrinsic LLRs with a soft~decision decoder using
the de-interleaved, mapped, combined bit exirinsic LLRs and the estimated o priori LLRs for
the turbo equalizer in the next iteration information. In other aspects, the method 50 may
include the step of generating iterative bil exirinsic LLRs with the sofi-decision decoder and
adding the iterative bit extrinsic LLRs to the estimated o priori LLRs to obtain second «
posteriori LLRs. The method 30 may include the step 64 of interleaving the ierative bit
extrinsic LLRs and transmitting the interleaved, iterative bit extrinsic LLRs for use by the Bi-
SDFE in another tterative estimation of the at least one transmitted symbol. In other aspects,
the step 64 may interleave the second a posteriori LLRs. The method 50 may include the step
66 of generating a hard decision of the one of the at least one transmitted symbol with the soft-
decision decoder by repeating steps 48-58 for a plurality of iterations.

(80521 Turning now to FIG. 9, an exemplary method 68 for estimating, using a Bi-SDFE,
a transmitted symbol encoded on a received signal will now be discussed. The method 68 may
include the step 70 of feeding an input signal Y, to each of a first leg and a second leg of the
Bi-SDFE. The method 68 may include the step 72 of, in the first leg, calculating a covariance
matrix, updating the SDFE filters with the estimated covariance ¥, filtering with the updated
SDFE filters F and B, and calculating an LLR to obtain a first set of bit extrinsic LLRs. The
method 68 may include the step 74 of, in the second leg, time reversing the input sigoal Yy,
updating the time-reversed SDFE filter with the estimated covariance ¥ from the covariance

calculation, filtering the time-reversed input signal ¥, with the updated time-reversed SDFE
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filters F;, and B, and time reversing the ouiput from the fime-reversed SDFE, and calculating
an LLR to obtain a second set of bit exirinsic LLRs. The method 68 may include the step 76
of combining the first bit extrinsic LLRs and the second bit extrinsic LLRs to obtain a combined
bif extrinsic LLRs.

16053] Reference will now be made to FIGS. 14-17. The above described systems and
methods were tested using data obtained from more than ten ocean experiments. The results
from the SPACEQS experiment are presented in FIGS. 10-17. The SPACEOS experiment was
conducted at the coast of Martha’s Vinevard, BEdgartown, Massachusetts, in October 2008. A
single carrier modulation frame structure, such as that shown in FIG. 9, was adopted for
transmission. The data frame consisted of a header, three data packets, and a tail. The header
and tail of the transmitied signal were LFMB and LFME, respectively, each having a 1600~
symbol length of linear frequency modulation (“LFM”) signal surrounded by some gaps. The
header and tail were for Doppler estimation, frame synchronization, and carrier
synchronization purposes. The three data packets were QPSK, 8PSK, and 16QAM modulated
symbols, respectively. The frapsmission signal strength was the same for all three modulation
schemes, making the received signal-fo-noise ratio (“SNR”) the same for all modulation
schemes. Fach packet started with an m-sequence (maximal-length sequence) of length 511,
followed by a small gap and a data packet of 30,000 symbols. In FIG. 10, N represents the
number of transducers, and n is the transducer index. For SISO transmission, both N and n are
setas 1,

(60354} A rate ¥ convolutional code with a generator polynomial G = [17,13],,, was
chosen as the forward error correction code. The center carrier frequency was £, = 13 kHz.
The symbol interval was 0.1024 ms, and the roll-off factor for the square-root raised cosine

pulse shaping filter was chosen as § = 0.2. Thus, the occupied bandwidth of the transmitted
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signal was 11.71875 kHz. The receiver sampling rate was 39.0625 kilo-samples/s. The
communication distance was 200 meters.

[6055] The depth of the experimental water was about 15 m. A transduocer located on a
fixed tripod at about 4 m above the ocean bottom was used in the SISO communication test.
At the receiver, 24 hydrophones were also fixed with tripods to form a vertical array, where
the top hydrophone of the array was aboui 3.3 m above the ocean bottom. The sixth
hydrophone from the top was used to form the SISO communication system. Seven received
data frames at different transmission times from the SPACEQS experiment were processed to
test the performance of the turbo receivers described herein above in SISO UWA channels.
[6056] FI1G. 11 shows the time evolution of four typical channel impulse responses
(*“CIRs”) in the experiment. The CIRs were fast time-varying, although both the transducer
and hydrophone were fixed during the experiment. In some packet transmissions, the channels
were also non-minimum phase systems since the strongest multipath components were not
located at the very beginning of the CIR.

60571 The performance of the four embodiments of the turbo equalizers described above
{(i.e., the Bi-SDFE, the SDFE, the LMMSE and the Soft DA-TEQ) will now be discussed. First,
the performance of the three channel estimation based turbo equalizers will be discussed. Next,
the performance of the direct adaptation turbo equalizer will be discussed.

[B058] ‘The Bit-Error-Rate (“BER”} performance of the CE-based turbo receivers is shown
in FIGS. 12-14. Note that “iter. {” denotes the non-ilerative processing, i.e., one-time
equalization and one-time decoding. The packets with {# BER are not shown in FIGS. 12-14
due to the log scale.

(80391 The BER of the CE-based turbo receivers when using QPSK is compared in FIG.12.
The pilot overhead was set as 12%. It was observed that afler only one iteration of turbo

equalization significant performance gain over the non-iterative equalizers was achieved. This
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performance gain was particularly evident for the Bi-SDFE, which achieved 0 BER for six
packets with only one iteration. By the second iteration, the SDFE and the Bi-5DFE achieved
0 BER for six and seven packets, respectively. The LMMSE turbo equalizer converged slowest
with only one packet achieving 0 BER after two iterations. Hence, with QPSK modulations, it
was observed that both the SDFE and Bi-SDFE turbo equalizers enabled robust SISO UWA
single carrier transmission.

[6060] The BER of the CE-based turbo receivers when using 8PSK modulation is
compared in FIG.13. The pilot overhead was set as 14.81%. The iterative processing was
observed to provide tremendous performance improvement over the one-time equalization and
decoding of non-iterative equalizers. The Bi-SDFE equalizer has observable performance gain
over the SDFE and LMMSE equalizers. Afier four iterations, the Bi-SDFE achieved one
packet with 0 BER, five packets with BER level le-4, and one packet with BER level 1e-3.
[6061] The BER of the CE-based turbo receivers when using 16QAM modulation is
compared in FIG.14, The pilot overhead was setf as 22.22%. The performance trends among
the three channel estimation based turbo equalizers was observed to be very similar to that
observed with the 8PSK transmission. After five ilerations, the Bi-SDFE achieved a BER level
of 1e-3 for most packets. It was also observed that the performance gap between the SDFE
and LMSSE equalizers was very minor, even after multiple iterations. It was further observed,
that for packet 7 (good channel condition), the iterative algorithm exhibited no improvement
in BER with successive iterations,

[60662] Overall, the QPSK and 8PSK transmissions with the three channel estimation based
turbo equalizers were robust in SISO UWA channels. The turbo receivers achieved low level
of BERs, even with low pilot overhead. The single carrier transmission with 16QAM
modulation in SISO transmission is challenging dues to their low E,/N,. The Bi-SDFE was

observed to greatly enhance the system’s performance.
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[6063] The BER performance of the Soft DA-TEQ in SISO UWA channels is shown in
FIGK. 15-17. The BER of the Soft DA-TEQ turbo receiver when using QPSK is shown in
FIG.15. For QPSK, 2% pilot overhead was required to achieve low BER performance. It
was observed that packet 1 and 7 achieved 0 BER and four packets achieved a BER level of
le-4. Only packet 3 stayed at the BER level 1e-3 afier multiple iterations. It was observed for
higher lever modulations that the Soft DA-TEQ required much higher pilot overhead to achieve
satisfactory performance. For example, when 8PSK modulation was used pilot overhead was
set at 30% to achieve the results shown in FIG. 16. When 16QAM modulation was used, pilot
overhead was set at 42% and which showed minimal convergence, Hence, the Soft DA-TEQ
equalizer with high level modulations may be spectrally inefficient in time-varying SISO UWA
channels. However, with QPSK modulation, the Soft DA-TEQ may achieve a good trade-off
between complexity and performance with a reasonable percentage of pilot overhead.

[6064] It was also noted that packet 7 achieved 0 BER at iteration O for all modulation
schemes, but the overhead was 3 lot higher than the channel estimation based turbo equalizers.
When the overhead was reduced to the same levels it was set for the tests of the channel
estimation based turbo equalizers, the Soft DA-TEQ of packet 7 performed similarly to the
channel estimation based algorithms.

[6065] The experimental results of testing the four MMSE-TEQs in time-varying SISO
UWA channels show that the channel estimation based turbo equalizers are robust in SISO
UWA transmission under harsh channel conditions. With reasonable pilot overhead, the Bi-
SDFE was observed to achieve the lowest BER performance in all channels with slightly higher
computational complexity. In contrast, the Soft DA-TEQ exhibited low complexity but was
ohserved to require high pilot overhead to achieve satisfactory BER performance. The pilot
overhead of the Soft DA-TEQ was observed to be especially high in high-level modulation

schemes, making the high-level modulation unattractive in low SNR conditions. Overall, it
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was observed that the QPSK modulation can achieve extraordinary low BER performance for
all chamnel estimation based turbo equalizers and Soft DA-TEQ algorithms in all packets
because of the reasonable SNR levels.

[(066] The technology herein described may comprise, among other things, a SISO
UWA modem, a single carrier system with bit-interleaved coded modulation for point-to-point
SISO UWA transmissions, and a method or a sei of instructions stored on ong or more
computer-readable media. Information stored on the computer-readable media may be used to
direct operations of a computing device, and an exemplary computing device 100 is depicted
in FIG. 18. The computing device 100 is but one example of a suitable computing system and
is not intended to suggest any limitation as to the scope of use or functionality of inventive
aspects hereof. Neither should the computing system 100 be interpreted as having any
dependency or requirement relating to any one or combination of components illustrated.
Moreover, aspects of the invention may also be practiced in distributed computing systems
where tasks are performed by separate or remote-processing devices that are linked through a
communications network.

(6067} The computing device 100 has a bus 110 that directly or indirectly couples the
following components: memory 112 {(which may include memory chips or other local memory
structures), one or more processors 114 (which may include a programmable logic controller),
one or more presentation components 116, input/output (1/0) ports 118, VO components 120,
and an illustrative power supply 122. The bus 110 represents what may be one or more busses
{such as an address bus, data bus, or combination thereof). Although the various blocks of
FIG. 18 are shown with lines for the sake of clarity, in reality, delineating various components
is not so clear, and metaphorically, the lines would more accurately be grey and fuzzy. For

example, processors may have memory. Further, it will be understood by those of ordinary
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skill in the art that not all computing devices contemplated for use with aspects hereof may
utilize all components illustrated.

[6068] The computing device 100 typically includes a variety of computer-readable
media. Computer-readable media can be any available media that can be accessed by the
computing system 100 and includes both volatile and nonvolatile media, removable and non-
removable media. By way of example, and not limitation, computer-readable media may
comprise computer storage media and communication media; computer storage media
excluding signals per se. Computer storage media includes volatile and nonvolatile, removable
and non~removable media implemented in any method or technology for storage of information
such as computer-readable instructions, data structures, program modules or other data.
[6069] Computer storage media includes, by way of example, and not limitation,
Random Access Memory (RAM); Read Only Memory (ROM); Electronically Erasable
Programmable Read Only Memory (EEPROM); flash memory or other memory techuologies;
CD-ROM, digital versatile disks (DVD) or other optical or holographic media; magnetic
casseties, magnetic tape, magnetic disk storage or other magnetic storage devices. Computer
storage media does not comprise a propagated data signal.

(6070} Communication media typically embodies computer-readable instructions, data
structures, program modules or other data in a modulated data signal such as a carrier wave or
other transport mechanism and includes any information delivery media, The term “modulated
data signal” means a signal that has one or more of its characteristics set or changed in such a
manner as to encode information in the signal. By way of example, and not limitation,
comumunication media includes wired media such as a wired network or direct-wired
connection, and wireless media such as acoustic, RF, infrared, and other wircless media.
Combinations of any of the above should also be included within the scope of communications

media.
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6071} The computing device 100 is depicted to have one or more processors 114 that
read data from various entities such as memory 112 or VO components 120. Exemplary data
that is read by a processor may be comprised of computer code or machine-useable instructions,
which may be computer-executable instructions such as program modales, being executed by
a computer or other machine. Generally, program modules such as routines, programs, objects,
components, data structures, eic., refer to code that perform particular tasks or tmplement
particular abstract data types.

(66721 The presentation components 116 present data indications to a user or other
device. Exemplary presentation components are a display device, speaker, printing component,
light-emitting component, etc. The /O ports 118 allow the computing device 100 to be
logically coupled to other devices including the I/O components 120, some of which may be
built in.

[6073] In the context of SISO UWA communications, a computing device 100 may be used
to process the received signals and compute the algorithms associated with the turbo receivers.
For example, a computing device may be used fo perform the iferative method of channel
equalization and decoding of SISO UWA comumunications described herein.

(8074} The foregoing description has described the systems and methods of the present
invention in terms of SISO UWA communications for the purposes of concision. It would be
understood by artisans skilled in the relevant art, however, that the above described systems
and methods may also be used for single-input mulliple-output (“SIMO”) UWA
communications and multiple-input multiple-cutput (“MIMO”} UWA communications.
6075} From the foregoing, it will be seen that aspects described herein are well adapted to
attain all of the ends and objects hereinabove set forth, together with other advantages which
are obvious and which are inherent to the structure. It will be understood that certain features

and subcombinations are of utility and may be employed without reference to other features
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and subcombinations. This is contemplated by and is within the scope of the claims. Since
many possible aspects described herein may be made withowt departing from the scope thereof,
it is to be understood that all matter herein set forth or shown in the accompanying drawings is

to be interpreted as illustrative and not in a limiting sense.
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CLAIMS

What is claimed is:

1. A method for underwater communication using a8 acoustic channel, the
method comprising: {(a} receiving at an acoustic receiver a signal comprising information
encoded in at least one transmitied symbol; (b) estimating, using a turbo equalizer, the at least
one transmitted symbol and g priori log likelibood ratios (“LLRs™)}, wherein the turbo equalizer
comprises a SDFE and a time-reversed SDFE that each output bit extrinsic LLRs that are
combined into combined bit extrinsic LLRs; (¢) mapping the estimated, transmitted symbol to
the combined bit exirinsic LLRs; (d) adding the estimated « priori LLRs to the combined bit
extrinsic LLRs to obtain first g posreriori LLRs; (d) de-interleaving the first o posteriori LLRs;
(¢) generating iterative bit extrinsic LLRs with a MAP decoder; (f) adding the iterative bit
extrinsic LLRs to the estimated o priori LLRs to obtain second o posteriori LLRs; {(g)
interleaving the second a posteriori LLRs for use by the turbo equalizer in another iterative
estimation of the at least one transmitted symbol; and (h) generating a hard decision of the
fransmitted symbol with the MAP decoder by repeating steps (b) through (g) for a plurality of

iterations.

2. The method of claim 1, wherein the signal includes one or more data

packets comprising QPSK modulated symbols.

3. The method of claim 1, wherein the signal includes one or more data

packets comprising 8PSK modulated symbols.

4, The method of claim 1, wherein the signal includes one or more data

packets comprising 16QAM modulated symbols.
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5. The method of claim 1 further comprising: inputting the received signal,
an estimated channel matrix and the interleaved, iterative bil extrinsic LLRs into a serial
interference cancellation filter, whrerein step {g) further comprises repeating the above step in

addition to steps (b} through (f) for the plurality of iterations.

6. The method of claim 1 further comprising: determining an estimated
covariance by calculating a covariance matrix; updating SDFE filters and time-reversed SDFE
filters with the estimated covariance; splitting the received signal and sending a {irst portion of
the received signal to the SDFE and sending a second portion of the received signal to the time-
reversed SDFE; filtering the first portion of the received signal with the updated SDFE filters
and calculating first bit extrinsic LLRs; filtering the second portion of the received signal with
the updated time-reversed SDFE filters and calculating second bit extrinsic LLRs; and
combining the first bit extrinsic LLRs and the second bit extrinsic LLRs to obtain combined

bit exirinsic LLRs.

7. The method of claim 6, wherein the combined bit exirinsic LLRs are
. . . 1 .
determined with the equation LE(% j) = prwy (Le._f (ck, }-;) + Loy {ck, j)), where Lg 5 (é‘k; j) and

Lep (ck; j} are the first bit extrinsic LLRs and the second bit extrinsic LLRs, respectively, and

g; is a correlation coeflicient.

8. The method of claim 7, wherein the correlation coefficient is estimated

TRC L plon )= By pllLep{en)~ Ryl
(Ke—138; 588 ’

by time averaging and is determined with the equation §; =
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9. The method of claim 1, wherein the received signal is splif between a
first leg of the Bi-SDFE and a second leg of the Bi-SDFE, wherein the first leg of the Bi-SDFE
inchides the SDFE and the second leg of the Bi-SDFE includes a first time-reverse element,

the time-reversed SDFE, and a second time-reverse element.

10. The method of claim 1, wherein both the SDFE and the time-reversed

SDFE include a feedforward filter and a feedback filter.

11.  The method of claim 1, wherein the plurality of iterations comprises a
number of iterations determined based on an evaluation of a candidate hard decision at each

iteration.

12.  The method of claim 1, wherein the plurality of iterations comprises at

least five iterations.

13, The method of claim 1, wherein a pilot overhead is set between 12-23%.

14, The method of claim 1, using one of a single-input single output acoustic
channel, single-input multiple output acoustic channel, or a muliiple-input muliiple output

acoustic channel,

15. The method of claim 1, wherein the turbo equalizer is one of a linear
minimum mean square ervor turbo equalizer, a sofi-decision feedback turbo equalizer, a bi-

directional soft~-decision feedback turbo equalizer, or a direct adaptation turbo equalizer.
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16. A method for estimating, using a Bi-SDFE having a SDFE on a first leg
in parallel with a time-reversed SDFE on a second leg, a transmitted symbol encoded on a
received signal, the method comprising: feeding an input signal to each of the first leg and the
second leg of the Bi-SDFE; calculating a covariance matrix to obiain an estimated covariance;
updating a feedforward filter and a feedback filter of the SDFE with the estimated covariance
and updating a feedforward filier and a feedback filter of the time-reversed SDFE with the
estimated covariance; filtering, with the SDFE, the input signal communicated to the first leg
and determining a first set of bit extrinsic LLRs; filtering, with the time-reversed SDFE, the
input signal communicated to the second leg and determining a second set of bit exirinsic
LLRs; combining the first set of bit extrinsic LLERs and the second set of bit extrinsic LLEs fo
obtain a combined bit extrinsic LLRs; and estimating the transmitted symbol encoded on the

received signal using the combined bit exirinsic LLRs.

17. An improved single-input single-output (*SISO”} underwater acoustic
(“UWA”) modem comprising: an acoustic receiver comprising at least one acoustic sensor
configured to receive SISO UWA transmissions; a8 memory; and a signal processing unit in
communication with the acoustic receiver, the signal processing unit configured o jointly
perform channel equalization and decoding of the SISO UWA transmissions in an iterative
fashion using a bidirectional soft-decision feedback twbo equalizer (“Bi-SDFE”) and a

maxirmum g posteriori probability (“MAP”} decoder.

18.  The improved SISO UWA modem of claim 17, wherein the signal

processing unit is configured to synchronize and demodulate a received signal to baseband.

28



WO 2019/018017 PCT/US2018/026757

19.  The improved SISO UWA modem of claim 17, wherein the signal
processing unit performs the channel equalization and decoding of each of the SISO UWA
transmissions by estimating each received, encoded symbol contained in each of the SISO
UWA transmissions using soft decisions for a number of iterations, wherein upon completing
the number of iterations a hard decision of the received, encoded symbol is made by the signal

processing unit.

26.  The improved SISO UWA modem of claim 19, wherein the number of

iterations is determined based on determining convergence.
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52

RECEIVE AT AN ACOUSTIC RECEIVER A SIGNAL
COMPRISING INFORMATION ENCODED IN AT LEAST ONE

TRANSMITTED SYMBOL

'

INPUT THE RECEIVED SIGNAL, AN ESTIMATED CHANNEL
MATRIX AND INITIAL A PRIORI LOG LIKELIHOOD RATIOS

("LLRS") INTO A SIC FILTER

'

56~

ESTIMATE, USING A BIDIRECTIONAL SOFT-DECISION
FEEDBACK TURBO EQUALIZER (“BI-SDFE"), THE AT LEAST
ONE TRANSMITTED SYMBOL AND GENERATE COMBINED

BIT EXTRINSIC LLRS

:

58~

MAP THE ESTIMATED AT LEAST ONE SYMBOL TO THE
COMBINED BIT EXTRINSIC LLRS

'

DE-INTERLEAVE THE MAPPED, COMBINED SET OF BIT
EXTRINSIC LLRS

62~

64—

66~

'

GENERATE ITERATIVE BIT EXTRINSIC LLRS WITH A MAP
DECODER USING THE DE-INTERLEAVED, MAPPED,
COMBINED BIT EXTRINSIC LLRS AS THE A PRIORI LLRS
FOR THE TURBO EQUALIZER IN THE NEXT ITERATION

'

INTERLEAVE THE ITERATIVE BIT EXTRINSIC LLRS AND
TRANSMITTING THE INTERLEAVED, ITERATIVE BIT
EXTRINSIC LLRS FOR USE BY THE BI-SDFE IN ANOTHER
ITERATIVE ESTIMATION OF THE AT LEAST ONE
TRANSMITTED SYMBOL

'

GENERATE A HARD DECISION OF THE AT LEAST ONE
TRANSMITTED SYMBOL WITH THE MAP DECODER BY
REPEATING STEPS 54 THROUGH 64 FOR A PLURALITY OF
ITERATIONS

" —
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70—

SPLIT AN INPUT SIGNAL BETWEEN A FIRST LEG AND A
SECOND LEG OF THE BI-SDFE

l

72

IN THE FIRST LEG, MAKE A COVARIANCE
CALCULATION, UPDATE THE SDFE FILTERS WITH THE
ESTIMATED COVARIANCE, FILTERING WITH THE
UPDATED SDFE FILTERS, PERFORM AN LLR
CALCULATION TO OBTAIN FIRST BIT EXTRINSIC A
PRIORI LLRS

l

74—

IN THE SECOND LEG, TIME REVERSE THE INPUT
SIGNAL, UPDATE THE TIME-REVERSED SDFE (“TR-
SDFE") FILTERS WITH THE ESTIMATED COVARIANCE
FROM THE COVARIANCE CALCULATION, FILTER WITH
THE UPDATED TR-SDFE FILTER, TIME REVERSE THE
OUTPUT FROM THE TR-SDFE FILTER, PERFORM AN
LLR CALCULATION TO OBTAIN SECOND BIT
EXTRINSIC A PRIORI LLRS

l

76~

COMBINE THE FIRST SET OF BIT EXTRINSIC A PRIORI
LLRS AND THE SECOND SET OF BIT EXTRINSIC A
PRIORI LLRS TO OBTAIN A COMBINED SET OF BIT

EXTRINSIC A PRIORI LLRS

FIG. 9
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