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OFDM in Fast Fading Channel

I. RELATED APPLICATION

This application claims the benefit of priority of U.S. Patent Application No. 60/783,058, for "OFDM In
Fast Fading,” filed March 17, 2006, which provisional patent application is incorporated by reference herein

in its entirety.

II. TECHNICAL FIELD

The invention relates generally to communication systems and, more particularly, it relates to receivers
employed in the detection of signals and the recovery of the original transmitted information within such
communication systems. Such communication systems include wireless, mobile wireless, and wireline: 4th
Generation Cellular, 3rd Generation cellular long term evolution, wireless local area networks (WiFi), broad-
band fixed wireless access networks (WiMAX), mobile broadband wireless networks (mobile WiMAX),
asynchronous digital subscriber lines (ADSL, VDSL), digital video broadcasting-terrestrial (DVB-T) and

its extension DVB-Handheld (DVB-H), ultra wideband (UWB), alternating current (AC) power lines.

III. BACKGROUND

Orthogonal Frequency Division Multiplexing (OFDM) is a digital transmission technique where a given
channel bandwidth is divided into subchannels and individual digital signalling tones are transmitted over
each subchannel concurrently in time. This transmission scheme has been an active area of research in many
systems due to its resistance to multipath fading and potential for adaptive modulation where the number of
tones as well as the modulation on each tone can be varied to optimize the aggregate data rate. The fact that
the Discrete Fourier Transform (DFT) or Inverse Discrete Fourier Transform (IDFT), implemented using a
Fast Fourier Transform algorithm, can be used to multiplex and demultiplex the signal tones was also one of

the prime contributors to a high interest in this scheme.
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The use of using fast IDFT/DFT circuits is very convenient from the standpoint of system implementation.
These digital circuits take as input a discrete sequence in frequency/time and generates as an output a discrete
sequence in time/frequency respectively. A discretization process is needed to transform the received con-
tinuous time OFDM signal waveform to a corresponding discrete signal sequence. Conventional receivers
or prior art, apply direct sampling of the continuous time OFDM waveforms to generate a corresponding
discrete time sequence. This is accomplished via bandpass filtering of the received signal, followed by direct
sampling by an Analog-to-Digital converter (ADC). These two operations are performed with or without first
down converting the received signal from Radio Frequencies (RF) to Intemediate Frequencies (IF) and/or to
Baseband Frequencies (BF). After the ADC, the a Discrete Fourier Transform is performed on the received
signal samples using a Fast Fourier Transform (FFT) algorithm as shown in Figure 1.

Apparently, there is no clear justification for the detection procedures where direct sampling of the in-
coming continuous time OFDM signal is performed as part of the detection process. It is well-known that
the sampling procedure is lossy with respect to information. In one of more recent papers which implicitly
deals with this problem, expressions are used for the demodulated signal obtained from a received OFDM
signal which look very similar to those obtained by optimum detection procedures since he is using an infinite
number of samples. However, using an infinite number of samples is not feasible in practice. Furthermore,
this result does not provide a set of sufficient statistics since the signal’s multiplicative time process, «(f), is
unknown and optimal filtering is not performed.

The problem of optimal signal detection has been extensively analyzed by others. In order to obtain a
maximal signal-to-noise ratio (SNR) as well as the sufficient statistics such that optimality is not sacrificed,
correlation receivers or matched filters, consisting of a complete set of basis functions for the received signal,
must be employed at receiver’s front end. If we are able to select an appropriate orthonormal basis of functions
for the received OFDM signal, after optimal detection of its coordinates in the selected signal space, we are
able to optimally detect the transmitted symbols carried by the OFDM signal using a Maximum Aposteriori

decision rule.
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Since the late 1950’s, when the OFDM or Multitone transmission was invented, it was always believed
that the optimal receiver is too complex to build, requiring banks of analog oscillators and banks of matched
filters to de-multiplex or separate the signal tones of the received OFDM signal. For practical systems which
employ 128 to 2048 signal tones, this was highly complex and costly. Thus, suboptimal receivers which
employ sampling followed by FFT are considered an attractive alternative even today. The state of the art
OFDM receivers today are suboptimal receivers that sample the continuous time signal and applies equalizers

to remove the effects of fast fading,

IV. SUMMARY

One important aspect of the invention described here provides a method to implement the optimal receiver
for an OFDM signal transmitted over a variety of channel environments such as the wireless channel, as well
as the wireline channel. It encompasses all data, digital voice, digital audio and digital video applications
which employ the OFDM transmission technique. The implementation method for the optimal receiver em-
ploys a discretization process which provides the set of sufficient statistics (no loss of information) derived
from the received continuous time OFDM signal. A Maximum Likelihood (ML) soft-decision algorithm
can be used to detect the transmitted symbols from the set of sufficient statistics. The optimal discretization
process has about the same complexity as the suboptimal discretization process, but the optimal provides
a significant improvement in performance. The optimal discretization process is described in detail in the
section entitled Optimal Receiver Functionality.

Another important aspect of the invention is that the implicit diversity of the fading fading channel is used
to provide performance gains for both the optimal and suboptimal OFDM systems. The approach used in
prior art is to reverse the effects of the channel, such as the effects time-selective fading on the transmitted
signal. Contrary to prior art, the new receiver makes use of the effects of the fast fading channel to improve
detection performance, in terms of increased signal-to-noise ratio or in terms of transmitted higher data rates.

Different from prior art, the new invention does not use analog-to-digial converters (ADC) to sample the



WO 2007/148232 PCT/IB2007/002836

received signal but employs a different method to generate a sequence that is a sufficient statistic. This
sufficient statistic substantially contains all the information regarding the received continuous time waveform.
Prior art, which employ ADC’s, generate signal samples which are not a sufficient statistic. As a result, prior
art receivers lose at least 3 decibels (dB) (or by factor of 2) in signal-to-noise power ratio over an additive
white Gaussian noise channel (AWGN).

Figure 4 is a block diagram of one implementation of a new receiver which generates the sufficient statistic,
7[1],...,r[N], from the received signal, r(t) = R{ () ( £(t) + /2Ey/T; 727 Un+LIT2)L) ei2mfet 1 4, (2),
where R{-} denotes the real part of the argument. The received signal, r(¢), consists of a transmitted OFDM
signal Z(£) plus a single sinusoidal tone transmitted at frequency f, + fnx + L /T, both of which are distorted
by the fading process 7(t) due to the fading channel, and by the additive white Gaussian noise process n,, (1)
introduced at the receiver. The sufficient statistic, r = [ r[1],...,7[N]]7, is input to a maximum likelihood
(ML) detector 208 which outputs an estimated transmitted sequence 8. The superscript """ denotes vector
transpose. The estimated sequence § that is selected is of the minimum Euclidean distance to the received
sequence r, Different from prior art, the new receiver does not “reverse” the time-selective fading effects of
the channel, but takes full advantage of the time variations to achieve the implicit diversity gain offered by

the channel,

V. BRIEF DESCRIPTION OF DRAWINGS

The following figures illustrate some of the many different applications for which this invention can be
used.

Fig. 1 is a diagram illustrating an OFDM receiver implemented according to prior art.

Fig. 2 isa diagram illustrating the optimal OFDM receiver implemented according to the invention.

Fig. 3 is a diagram illustrating an optimal receiver process.

Fig. 4 is a block diagram of the Discretizer 206, also shown in Fig. 2, which generates the sufficent

statistics vector r for the optimal OFDM receiver.
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Fig. 5 is a block diagram of the Sequence Generator 304 for {a;,4 = 0,...,n — 1}. Sequence Generator
304 also shown in Fig. 4.

Fig. 6 is a finite-state machine model of the signal part of the received observable in equation (29). The
received observable is input to the ML detector 208 shown in Fig. 2.

Fig. 7 is a flow graph representation for two dominant memory elements of the finite-state machine model
(shown in Fig. 6) of the signal part of the received observable in equation (29).

Fig. 8 is a trellis diagram for two dominant memory elements of the finite-state machine model (shown in
Fig. 6) of the signal part of the received observable in equation (29). This trellis diagram example illustrates
the trellis search algorithm for ML detector 208.

Fig. 9is a diagram illustrating an OFDM receiver where the DISCRETIZATION is implemented according
to prior art and the ML detector is implemented according to the invention ML detector 208 as shown in 2.

Fig. 10 is a diagram illustrating an embodiment of a WLAN (Wireless Local Area Network) that may be
implemented according to the invention.

Fig. 11 is a system diagram illustrating an embodiment of a WIMAX (Worldwide Interoperability for
Microwave Access) receiver system that is built according to the invention.

Fig. 12 is a diagram illustrating an embodiment of a DSL (Digital Subscriber Line) communication system
that may be implemented according to the invention.

Fig. 13 is a system diagram illustrating an embodiment of a DVB-T (Digital Video Broadcasting - Terres-
trial) receiver system that is built according to the invention.

Fig. 14 is a system diagram illustrating an embodiment of HDTV (High Definition Television) broadcasting
systems using DVB-T and DVB-H (Digital Video Broadcasting - Handheld) networks that are built according
to the invention.

Fig. 15 is system diagrams illustrating embodiment of uni-directional and bi-directional generic cellular
communication systems built according to the invention.

Fig. 16 is a system diagram illustrating an embodiment of a uni-directional and bi-directional microwave
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communication system that is built according to the invention.

Fig. 17 is a system diagram illustrating an embodiment of uni-directional and bi-directional point-to-point
radio communication systems that are built according to the invention.

Fig. 18 is a system diagram illustrating an embodiment of a uni-directional and bi-directional generic
communication system that is built according to the invention.

Fig. 19 is a system diagram illustrating an embodiment of a one to many (multicast or one to a selected
group of terminals or devices) or broadcast communication system that is built according to the invention.

Fig. 20 is a system diagram illustrating an embodiment of UWB (Ultra-wideband) transceiver systems that
are built according to the invention.

Fig. 21 is a system diagram illustrating an ¢mbodimeht of an AC Power Line (Alternating Current Power
Line) communication system that is built according to the invention.

Fig. 22 is a system diagram illustrating an embodiment of a random ad-hoc or mesh network communica-
tion system that is built according to the invention.

Fig. 23 is a system diagram illustrating an embodiment of a wireline communication system that is built
according to the invention.

Fig. 24 is a system diagram illustrating an embodiment of a Beyond 3G and/or future cellular communi-

cation system that is built according to the invention.

V1. DETAILED DESCRIPTION

Various aspects of the invention may be found in any number of devices that detect OFDM or MIMO-
OFDM transmitted signals. In some instances, the OFDM symbol detection is performed on signals whose
code rate and/or modulation may vary as frequently as on an OFDM symbol by symbol basis.

Diagrams of various system embodiments are provided below where any of the various aspects of the
invention may be implemented. In general, any device that performs detection of OFDM signals may benefit

from the invention.
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Fig. 2 is a system diagram illustrating an embodiment of a wireless or wireline communication system
that is built according to the invention. This wired or wireless network may include any number of networks
including the Internet, proprietary networks, other wired networks and/or WANs (Wide Area Networks).
For example, the wireless communication “channel” may be viewed as not including multiple wireless hops
in one embodiment. The receiver may also be implemented using terrestrial receivers such in a multi-hop
embodiment. In addition, other receivers may exist that perform receiver operations in cooperation with each
other.

In some implementations, an optimal receiver process includes the steps of receiving a continuous time
OFDM signal over a fading channel (210), deriving a set of sufficient statistics from the continuous time
OFDM signal (212) and detecting transmitted symbols from the set of sufficient statistics using an ML detec-
tor (214) as depicted in Fig. 3.

Fig. 4 provides further details of the discretization process 204. The received signal r(t) is first time-limited
or "windowed” by 302 to the duration of an OFDM symbol interval [nTy, (n + 1)T], where n is an integer
and designates the n‘" received OFDM symbol in the windowing function 302. This windowing function
302 is performed for each OFDM symbol received in sequence. Next, the windowed signal is processed by
the sequence generator 304 to generate the sequence a;, ¢ = 0,...,n — 1, defined by equations (20) and
(21). In the sequence generator 304, (n — 1) is defined to be (n — 1) = T,/ At. Further details of a possible
implementation of the sequence generator 304 is shown in Fig. 5. Subsequently, the sufficient statistics,
r[kl,k =1,..., N, is generated by 306 from the input sequence a;, i = 0,...,n — 1 according to equation
(22) which can be implemented using an FFT algorithm.

It is also noted that the methods described may also be performed within any of the appropriate system
and/or apparatus designs (e.g., communication systems, communication devices, communication transceivers,
communication receivers, and/or functionality described therein) that are depicted below without departing
from the scope and spirit of the invention.

In view of the detailed description of the invention and associated drawings above and below, other mod-
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ifications and variations will now become apparent. It should also be apparent that such other modifications

and variations may be effected without departing from the spirit and scope of the invention.

A. OFDM System Model

In its simplest form, when binary signalling (BPSK) is used, the complex envelope of the transmitted

OFDM signal is given by
N .
e]ZWfkt
() =) _ s[k] | (1)
k=1 \/i
N
=Y slklge(t), 0<t<T, @

where fi, = k/T; is the central frequency of the kth subchannel, T}, is the OFDM symbol duration interval.
The data symbols s[k] = +/2E,bk], £ = 1,..., N, are all mutually independent and b[k] = =+1. The total

OFDM signal energy is
Ts
E,=1 / ()7 (1)dt = NE,. 3)
0

The OFDM signal is transmitted over a time-varying flat-fading channel and the complex envelope of the

received OFDM signal can be written as
7(t) = 7()Z(t) + fiu(2), @)

where (t) is a complex-valued Gaussian random process. The complex envelope of the additive white

Gaussian noise (AWGN) has the following power spectrum

&, (F)=Ny, —-00<f<o0 ©)
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A Karhunen-Loéve expansion can be used to characterize the received signal part (t)Z(t) where the eigen-

functions, {¢x(t)}X_,, and corresponding eigenvalues, Ay, . . ., Ak, are solutions to the integral equations

Ts
Aepx(t) = 5 Cr,i(t) u)pp(u)du, k=1,..., K, ()

where C..;(t,u) = E[F(£)7*(t)|3;(t)], and &;(¢) is one of M = 2V possible OFDM waveforms. The derivation
of the eigenfunctions in closed-form is not trivial for the case of Rayleigh flat-fading channel. To partially
overcome this difficulty a simplified model of the Rayleigh fading channel is proposed. We assume that it’s

possible to make a piecewise-constant approximation of the Gaussian random process y(t) by 7(t), where

L
¥ =Y wm(t), (7
=1

and where p;(t) = 1 for (I — 1)T, < ¢t < IT, and 0 elsewhere. It is assumed that (y; .. -1)T is a vector of
independent and identically distributed (i.i.d.) complex-valued Gaussian random variables with zero mean
and unit variance. It is also assumed L = T /T, where T, is the coherence time of the channel.

This model is a rough approximation because it approximates a time-continuous sample function (0 < £ <
Ts) of the random process 7y(t) by a strictly time-discontinuous, piecewise-constant function. However, it

will help us to obtain some quick but important theoretical and numerical results for error performance.

VII. OFDM RECEIVER FUNCTIONALITIES

'We wish to compare the error performance of an optimal receiver for the transmitted OFDM signal to
that of the conventional, FFT-based, OFDM receiver. The optimality criterion for the optimal receiver is
the minimum probability of OFDM symbol error. In the subsequent text, the former will be referred to as
the optimal receiver and the latter as the suboptimal receiver. The receiver structures are described prior to
presenting the performance analysis.

Figure 2 shows a block diagram of the optimal receiver 200. The discretization process 204 in Figure 2
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generates the observation vector r = (r[1]...7[N])T. This vector is an input to the ML detector 208 which
is described in the next section. In practice, the correlation operation 206 can be easily implemented as
exemplified in Figures 4 and 5 using 302, 304, 306 and modern, high-speed, digital signal processors (DSPs)
or field programmable gate arrays (FPGAs). The computations cmpldyed in the 306 part of the Discretizer
204 or more specifically, in the 306 aspect of the correlator 206 require basic multiplication and addition
operations to perform the integration numerically.

A block diagram of a suboptimal receiver which employs prior art discretization and ML detector 203
(an aspect of this invention) is shown in Figure 9. The incoming OFDM signal 7(t) is filtered through an
ideal bandpass filter of equivalent lowpass bandwidth W/2. The filtered signal is sampled using a sample-
and-hold (S/H) circuit at time instants ¢, = nAt, At = T,/N, to generate the vector ' = ('[1]...7'[N]).
An N-point discrete Fourier transform (DFT) is performed on the vector I’ to obtain the observation vector
y = (y[1]...y[N])". This observation vector is an input to an ML detector.

Expressions for the observables r (for optimal receiver) and y (for suboptimal receiver) are presented for
the case of a time-selective, flat-fading channel plus AWGN. We are assuming that () is defined as in (4).

For a time-selective flat-fading channel, 4(t) has the form given in (7). The observables for the optimal

receiver and suboptimal receiver are specified below.

A. Optimum Receiver Functionality

Define the set of basis functions {¢(t) }e; as
ok(t) =7(t)¢(t)y, K=N, k=1,...,N ®)

where it’s assumed that 5(z) is known and ¢ (t) is defined in (1) and (2). Then, projections of 7(¢) on the
basis functions provide the SS for 7(t). Note that the set {¢x(¢)}f, is not orthonormal. The orthogonality

of the OFDM signal tones at frequencies fi = k/T;, k = 1,..., N, is violated due to the time-varying
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multiplicative random process (t). This results in ICI among the data symbols. The vector of observables is

r=As+n, ©)
where
L
A=) |nlA, (10)
=1
WL
Al = [ ere-mega, an
(=1)/L
s = /2Eb, (12)
%E[nnf] = NoA, (13)

andr = (r[1]...7[N])T, s = (s[1]...s[N])T, n = (n[1]...n[N])7 is the jointly Gaussian complex noise
vector. The covariance matrices A, are Hermitian and |y,|,! = 1,..., L, are i.i.d. Rayleigh random variables.

Due to the ICI caused by a time-varying channel, the matrix A is not strictly diagonal.

B. Functionality/Implementation Description of the Optimal Discretization Process

The discretization process 204 in Figure 2 performs the following operation to generate the observables

rlk],k=1,...,N:
Ts
= [ e, k=1, N a4)
0

Let y,(t) = 7(t); (f) and define the sequence yy; as

(i+1)At
/ v (t)dt = ye (IAL) At £ yrAt (15)
At
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fori = 0,1,...,n — 1 where n — 1 is the number of subintervals within [0, 7;] and At = T;/(n — 1) is

the width of the subintervals. Thus, the function (%) evaluated at the endpoints of the interval [0, T,) are

Yro = Yx(0) and yxn—1) = yx(T5). Applying a numerical integration rule such as the Trapezoidal Rule to

equation (14) gives

At
rlk] ~ 7[?]1:0 + 2yk1 + 2yk2 + - - + 2Uk(n-2) + Yhn-1)s K=1,..., N

(16)

The accuracy of the numerical integration increases as the width of the subintervals, At, decreases or equiva-

lently, as the number of subintervals (n — 1) increases. The sequence yx; = yx(1At),i =0,1,..

be equivalently rewritten as

—j2n friAt ;
yki=aie’7’f'°’ ’ ’1,—0,

Qi = a; e AL =12, n—2,

Yi = € AL =1,
where
F(iAt) (i (H1)AL = o
ai:lr(z t)(}, (zAt) = ~ 1/ Mdt, ’i=0,n—1)
2 VT 2 Jint T,
_ F(iAt) 7 (idt) At GHDAE 7() 7%(2)

a; = ~ ——
VT, [At VT,

Using definitions from (17) to (19), the sum in (16) can be expressed as

n—1
(k] ~ Z a2 kit

=0

n—1 ] )
= Zaie‘J(z”At/T‘)k', k=1,...,N.

i=0

dt, i=1,2,...,n—2.

.,n—1can

17

(18)

(19)

(20)

@1

(22)
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Equation (22) can be interpreted as the Discrete Fourier Transform of the sequence @;,¢ = 0,1,...,n—1
with n > N. Thus, efficient algorithms such as the Fast Fourier Transform, can be employed in part 306 to
generate the sufficient statistics r[k],k = 1,..., N as part of the discretization process 204 in Figure 2 for
the optimal receiver 200. Note that this is different from the suboptimal receiver described below which does
not generate the sufficient statistics, but merely samples the time continuous function and thereby, throwing

away information available in the received OFDM signal.

C. Suboptimum Receiver Functionality

The received waveform 7(¢), in Figure 9, is first processed by the suboptimal discretizer 902 to generate a
suboptimal set of observables according to the following. The received waveform is ideal bandpass filtered
prior to sampling to limit the noise. The equivalent lowpass filter bandwidth is W/2. The FFT is applied
to obtain the suboptimal vector of observables y from the discrete time samples. The observables, y, at the

output of the suboptimal discretizer 902 of the suboptimal OFDM receiver are given by

1 -
= C . 2
y JT. S+ n, (23)
where
l monty WNO
S = @4)
L
C=>_C, (25)
=1
1 V-l \
[Cileg =55 D alWR™, Wy =¥, (26)
n=0
n/N~(=1)/L 1/ W
(1) =/ —em I gim o (—_o)d 27
Gy e sine a)da,
T Janaye Af (A’-\f ) @7)

and W, = NAf is fixed or is not varied.

The resulting ICI is now due to two different and independent causes - bandpass filtering and time variations
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in the channel.

VIII. ML SOFT-DECISION DETECTOR FUNCTIONALITY

The observation vectors r and y, defined by (9) and (23) respectively, are input to the ML detector. The
output is the detected symbol vector with the maximum aposteriori probability (MAP). The A* algorithm
[NeRaAuO1: P. Nemeth, L. Rasmussen, and T. Aulin, ”"Maximum-likelihood detection of block coded
CDMA using the A* algorithm,” in Proceedings of International Symposium on Information Theory, ISIT
2001, p. 88, June 2001. This article is incorporated by reference herein in its entirety.] is used to perform
an optimal search to determine the optimal path in the tree. The optimal path corresponds to the most likely
vector of data symbols (b[1] ... 5[ N]) transmitted in the OFDM symbol. To implement the A* algorithm, an
appropriate metric and an heuristic function need to be defined for both the optimal and suboptimal OFDM

receivers.

A. The A* algorithm for the optimal receiver

The expression (9) for the vector of observables of the optimal OFDM receiver can be simplified to real

valued vectors and matrix, i.e. r,s,n € R¥, A € RN*V,
r=As+n, (28)

where E[nn”] = f2A. The covariance matrix A is a symmetric and positive definite matrix. The vector of

observables (28) can be further transformed in the following way

FTr =w=+/EFb+n,, (29)
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where A = FTF, E[nyn]] = £21. Without loss of generality (WLOG) v/E; = 1 is assumed. The negative

log-likelihood function, A(b), is defined as

A(b) = ||w —Fb|? (30)

= gr(n) + he(n), 0Lk <N, @n

where 7 is the node in the search tree at depth k through which the vector b is passing.

The distance (or cost) from the root node to node n is given by gx(n). The remaining distance from node
7 to the last node on the path b is given by hx(n). The algorithm starts with the root node in a list and
terminates when the node to be expanded corresponds to the full /V-length path through the search tree, This
path specifies the ML vector b which minimized the function A(b). For every expanded node an evaluation

ff) (n) be the underestimate of the remaining

function fx(n) must be calculated for its successors. Let h
distance hx(n). The evaluation function fi(n) for node n is a sum of the current distance gi(n) and the

heuristic function h{ () which yields

fe(n) = ge(m) +2P(n), n=1,...,2", 0< k< N. (32)

The algorithm operates with a list of expansion-candidate nodes. At each iteration, the node with the smallest
value for its evaluation function will be expanded to yield two child successor nodes as new candidate nodes
through which to continue the search. The parent node will be removed from the list and its successors will
be inserted in the list.

An appropriate heuristic function remains to be defined. A better heuristic function can significantly reduce
the number of nodes searched before the algorithm terminates and returns the ML vector. Howeyver, the
computational load associated with evaluating the better heuristic function is increased.

A candidate heuristic function to use is one based on constraint minimization techniques, as suggested in
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[NeRaAu01]. According to [NeRaAu01], the heuristic function can be written as
hi(n) = 2qi(n) +¢, 0Lk <N, (33)

where for the given node n at depth k, the quantity ¢ is a constant and can be immediately calculated. Thus,
the task of underestimating /;(n) by a chosen hff) (n) reduces to the task of underestimating g(n) by a
chosen ¢{(n).

Define the notation u() = (u[l]... u[k]) and uz) = (u[k +1]...u[N]),0 < k < N. The problem of
minimizing q,(f) (n) is treated as a box-constrained minimization problem: find the (N — k)-length vector

u ;) which lies in the box-constrained set —ag, < V() < ag), 8 = {1} ¥, and minimizes

1,
g (n) = (k)A(k) @V — € Vi (34)

where Az, z) of dimension (N — k) x (N — k) is the submatrix in the bottom right of matrix A in (28) and

e =F & Wiy — Feey,0bw)- (35)
According to [NeRaAu01],
1 7 T
Wiy =arg min A(k) ®VE — € Yy (36)

Vi €l 2] 2 (k)

can be found using an iterative algorithm with polynomial complexity. This completes the description of
an implementation of the A* algorithm for the optimal OFDM receiver, which is used for generating the

numerical results in the next section.
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B. The A* algorithm for the suboptimal receiver

For any complex vector x and complex matrix X, define

[ Relx

X = e ) (37)
\I m(x]
( _

% - Re[X] —Im[X] (38)
\I m{X] Rel[X]

The expression (23) for the vector of observables of the suboptimal OFDM receiver was derived in the

previous section, which implies

1 -~
n,=y— Cs. (39)
VT,

Since nj, is a vector of circularly-symmetric Gaussian random variables where 3 E[njyn}{] = 721, and

assuming that the matrix C is non-singular, we can represent (39) in the equivalent form

RS. (40)

The matrix R = éTé is a positive definite and symmetric 2N x 2N real matrix, i is a 2N x 1 real noise
vector with covariance E[nn”] = %&ﬁ and § is 2V x 1 real signal vector.
Equation (28) has the same form as equation (40). Thus, the A* algorithm for the case of the suboptimal

receiver can be implemented in the very same way as for the case of the optimal receiver.

IX. APPROXIMATE ML SOFT-DECISION DETECTOR FUNCTIONALITY

Figure 5 shows an example implementation of the sequence generator 304 for the sequence, a;,i =

0,...,n — 1. The generated sequence is input to the integrator 306 in Figure 4, which performs the op-
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eration given by equation (16). The operation in (16) can be implemented using a Fast Fourier Transform as
specified in equations (22) and (17) to (21).

The received signal vector of sufficient statistics, r, can be modelled as a time-varying finite state machine
(FSM). Its linearly transformed version, w = (FT)“lr, given in equation (29), can similarly be modelled as
a time-varying FSM, shown in Figure 6. The superscript ”—1” denotes matrix inverse. For a received OFDM
signal with IV tones, there are N — 1 shift registers in its FSM model. The specific values in the N — 1 shift
registers (or memory elements) form a numeric sequence, which represent the state of the system or of the
FSM. A given unique sequence of values in the N — 1 memory elements specifies a unique state.

Let fi be the matrix element in the i*® row and k* column of matrix F in equation (29). In Fig. 6,
we associate a multiplier f;; with the shift register, Dy, to the left of the multiplier for k = N — 1, N —
2,...,1. Define D as the set with the smallest number of memory elements, whose corresponding associated
multipliers f;; have magnitudes all greater than those corresponding to memory elements not in the set D and

satisfy

N
D 1Al > 90% > 1 ful® @1
=1

keD k

A memory element in the FSM is considered dominant and if it belongs to the set D.

Let a "state-group” be identified by a unique sequence of values in the dominant memory elements. A
given state belongs to a “state-group” when the given state’s corresponding values in the dominant memory
elements are the same as those defined for the “state-group”. In other words, states can be merged into a
’super-state”, identified by the specific sequence of values in the dominant memory elements of the FSM.
As an example, Figure 7 shows a flow graph of a FSM with two dominate memory elements, where state
sequences of length N — 1 are grouped into either one of the four "super-states”.

This grouping of states is permissible, results in a near-ML detector with an almost ML symbol error rate

performance, and significantly reduces the complexity with respect to the ML detector when the number
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of dominant FSM memory elements is small. The dominant FSM memory elements with relatively large
factors, | fix| contribute to the significant interchannel symbol interference. For the 7™ subchannel, this ICI
is present in the observed symbol (w);, defined as the i** component of vector w in equation (29). Figure
8 shows an example implementation of an approximate ML sequence detector. In this example, there are
two dominant interfering subchannels as modelled by two memory elements giving rise to 4 possible “super-
states” for binary signalling. Only the data symbols of the dominant interfering subchannels are used in
defining the possible states. State transitions are triggered by the binary input, and the output is a partial sum
of the ML metric given in equation (30). At subchannel ¢ = N, the possible output metrics are ((w); —
f7b|smj=+1)?. Atsubchannel i = N — 1, the possible output metrics are ((w )41 — £ blonvj=£1)? + ((W): —
fr b|o[nj=+1,5{N-1]=+1)2, Where as before (w); denotes the i** component of vector w, f7 denotes the row
vector in the 3** row of the matrix F, and b is a column vector of transmitted data symbols with components

bk =+1,k=1,...,N.

X. ADVANTAGES OF DISCLOSED IMPLEMENTATIONS

The structure of an optimal OFDM receiver was compared to that of a suboptimal one in an AWGN channel
and in a fast fading channel with AWGN. The structure of both receivers consists of a discretization block,
with the time-continuous OFDM signal as the input and a vector of observables as an output, followed by an
ML soft-decision detector, implemented using an A* optimal tree-search algorithm. The discretization block
204 for the optimal receiver generates the SS according to the principles of optimum signal detection, while
the discretization block 902 for the suboptimum receiver samples the filtered continuous time waveform,
followed by FFT to generate the observables which are suboptimal. The time-varying channel was assumed
to be known at the receiver. Results show that both optimal and suboptimal systems benefit from the implicit
diversity provided by the time variations of the fast fading channel.

Finally, both the optimal and suboptimal receivers have the about the same complexity in terms of imple-

mentation. However, the optimal receiver significantly outperforms the suboptimal one.
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What is claimed is:
1. A method comprising:

deriving a set of statistics from a continuous time Orthogonal Frequency Division
Multiplexing (OFDM) signal received on a fading channel; and

detecting one or more symbols using the set of statistics.

2. The method of claim 1, where deriving the set of statistics further comprises:
deriving statistics that model time variations in the OFDM signal caused by the fading

channel.

3. The method of claim 2, where the time variations include a multiplicative time process of the
OFDM signal.
4. The method of claim 1, where deriving the set of statistics further comprises:

deriving the set of statistics using a descretization process that utilizes fading channel
information associated with the continuous time OFDM signal.
5. The method of claim 1, where detecting one or more symbols from the set of statistics further
comprises:

detecting an estimated sequence of symbols from a vector of observables using a
Maximum Likelihood (ML) detector.
6. The method of claim 5, where detecting an estimated sequence of symbols from a vector of

observables further comprises:

determining a Euclidean distance between the estimated sequence of symbols and the
received OFDM signal in vector space; and

selecting the estimated sequence of symbols for output if the distance is a minimum
Euclidean distance from the received signal.

7. The method of claim 5, where detecting an estimated sequence of symbols from a vector of
observables further comprises:

determining a vector of symbols with maximum aposteriori probability.
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8. The method of claim 5, where the vector of observables is modeled as a time-varying finite
state machine.

9. The method of claim 5, where the vector of observables, 7[k], is generated based on an
operation given by

T,
k)= [FOp,Odt, k=1,...N,
Q

where:
7(t) is the received OFDM signal;
@; (t) isaset of basis functions; and

T, is the symbol duration period.
10. The method of claim 9, wherein the operation is implemented using a frequency transform.

11. A system comprising:

a descretization module operable for receiving a continuous time Orthogonal Frequency
Division Multiplexing (OFDM) signal on a fading channel, and for determining a set of statistics
from the signal; and

a detector coupled to the descretization module and operable for detecting one or more
symbols using the set of statistics.

12. The system of claim 11, where the detector is a Maximum Likelihood (ML) detector.

13. The system of claim 11, where the statistics model time variations in the OFDM signal
caused by the fading channel.

14. The system of claim 11, where the time variations include a multiplicative time process of
the OFDM signal.
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15. The system of claim 11, where the set of statistics are derived using a descretization process
that utilizes fading channel information associated with the continuous time OFDM signal.

16. The system of claim 11, where the detector estimates a sequence of symbols from a vector of
observables.

17. The system of claim 16, where the detector determines a Euclidean distance between the
estimated sequence of symbols and the received OFDM signal in vector space, and selects the
estimated sequence of symbols for output if the distance is a minimum Euclidean distance from
the received signal.

18. The system of claim 16, where the vector of observables is modeled as a time-varying finite
state machine.

19. The system of claim 16, where the vector of observables, 7[k], is generated based on an
operation given by

T,
k= [FO)p,(Odt, k=1...N,

0

where:
7(t) is the received OFDM signal;
@¢ () is a set of basis functions; and

T, is the symbol duration period.
20. The system of claim 19, wherein the operation is implemented using a frequency transform.

21. A system comprising:

means for deriving a set of statistics from a continuous time Orthogonal Frequency
Division Multiplexing (OFDM) signal received on a fading channel; and

means for detecting one or more symbols using the set of statistics.
22. A computer-readable medium having stored thereon instructions, which, when executed by a
processor, causes the processor to perform operations comprising:

deriving a set of statistics from a continuous time Orthogonal Frequency Division
Multiplexing (OFDM) signal received on a fading channel; and
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detecting one or more symbols using the set of statistics.

23. A method comprising:

receiving a continuous time Orthogonal Frequency Division Multiplexing (OFDM) signal
on a fading channel; and

correlating the continuous time OFDM signal with a set of basis functions to produce a
set of statistics; and

detecting one or more symbols using the set of statistics.

24. The method of claim 23, where the set of basis functions is complete for the received OFDM
signal.
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