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CROSS-REFERENCE TO RELATED APPLICATIONS

[G6662]  The present invention claims priority to U.S. Provisional Patent Application Serial No.
62/622,673 entitled "Modulation on Conjugated Zeros” to Philipp Walk et al., filed January 26,
2018. The disclosure of U.S. Provisional Patent Application Serial No. 62/622,673 is herein

incorporated by reference in its enfirety.

FIELD OF THE INVENTION
(00031 The present invention generally relates to digital commumications and more specifically

io blind communication schemes that transmut over unknown wireless multipath channels.

BACKGROUND

[6804] The future generation of wircless networks faces a diversity of new challenges. Trends on
the horizon — such as the emergence of the Internet of Things (IoT) and the tactile Internet — have
radically changed thinking about how to scale the wireless infrastructure. Among the main chal-
lenges new erperging technologies have to cope with is the support of a massive number (billions)
of devices ranging from power{ul smartphones and tablet computers to small and low-cost sensor

nodes. These devices come with diverse and even contradicting types of traffic including high
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speed cellular links, massive amount of machine-to-machine (M2ZM) connections, and wireless
links which carrying data in short-packets. Short messages of sporadic nature likely will dominate
in the future and the conventional cellular and centrally-managed wireless network infrastructure
will not be flexible enough to keep pace with these demands. Although intensively discussed in
the research commuanity, the most fundamental question of how we will commanicate in the near
future under such diverse requirements remains largely unresolved.

{06051 A key problem of supporting sporadic and short-maessage traffic types is how o acquire,
communicate, and process channel information. Conventional channel estimation procedares typ-
ically require a substantial amount of resources and overhead. This overhead can dominate the
intended information exchange when the message is short and the traffic sporadic. For example,
once a node wakes up in a sporadic manner to deliver a message it has first to indicate its presence
to the network. Secondly, training symbols (pilots) are typically used to provide sufficient infor-
mation at the receiver for estimating link parameters such as the channel coefficients. Finally, after
exchanging a certain amount of control information, the device transmits its desired information
message on pre-assigned resources. In corrent systems these steps are usually performed sequen-
tially in separate comrnunication phases yielding a tremendous overhead once the information
message is sufficiently short and the nodes wake up in an unprediciable way. Therefore, a redesign
and rethinking of several well-established system concepts and dimensioning of communication
layers will likely be necessary o support such traffic types in an efficient manner. Nowncoherent
and blind strategies, provide a potential way out of this dilemma. Classical approaches like blind
equalization have been investigated in the engineering literature, but new nonccherent moduliation
ideas which explicitly account for the short-message and sporadic type of data wiil likely be re-
quired.

(66061 To transmit digital data over a physical system, called a channel, the data is moduolated on
an analog signal, typically by a digital-to-analog device. This device will modulate the digital data

onto complex-valued amplitudes of equidistant shifts, called sampling period, of an analog base-
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band pulse. The superposition will form the analog bascband signal, which will be transmitied by
an antenna in a certain frequency range to the receiver. Standard binary data modulation schemes
used in digital communication are On-Oft Keying (OOK), Binary Phase Shift Keying (BPSK),
Binary Frequency Shift Keying (BFSK), to encode 1 bit per degree of freedom, whereas general
M-ary modulation schemes are used to encode M > 1 bits per degree of freedom.

[6607]  In many wireless communication scenarios the transmitted signals are affected by multi-
path propagation and the channel will therefore be frequency-selective if the channel delay spread
exceeds the sampling period. Additionally, in mobile and time-varying scenarios one encounters
also time-selective fast fading. In both cases channpel parameters typically have a random flavour
and potentially cause various kinds of interference. From a signal processing perspective it is,
therefore, desirable to take care of possible signal distortions, at the receiver and potentially also
at the transmitter.

[6008] A known approach to deal with multipath channels is to modulate data on multiple paral-
iel waveforms, which are well-suited for the particular channel conditions. A simple approach that
can be utilized for frequency-selective multipath channels is orthogonal frequency division mul-
tiplexing (OFDM). When the maximal channel delay spread is known, inter-symbol-interference
(ISI) can be avoided by a suitable guard interval. Orthogonality of the subcarriers can be achieved
by a cyclic prefix preventing inter-carrier-inter{erence. On the other hand, from an information-
theoretic perspective, random channel parameters are helpful from a diversity view point. Spread-
ing data over subcarriers can exploit diversity in a frequency-selective fading chansel. But to co-
herently demodulate the data symbols at the receiver, the channel impulse response (CIR) should
be known at least at the receiver. To gain knowledge of the CIR, training data (pilots) are typically
added to the information baseband samples, leading to a substantial overhead when the number of
samples per signal is in the order of the channel taps. If the number of samples is even less than
the number of channel taps, it can be mathematically impossible to accurately estimate from any

pilot data the channel (assuming full support). Hence, one is either forced to increase the signal
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length by adding more pilots or assume some side-information on the channel. Furthermore, the
pilot density has to be adapted to the mobility and, in particular, OFDM is very sensitive to time-
varying distortions due to Doppler shift and oscillator instabilities. Dense CIR updates are often
required, which can result in coraplex transceiver designs.

{06091  There are only a few works on noncoherent OFDM schemes in the literature. The clas-
sical approach is given by orthogonal signaling, as for example with pulse position modulation
(PPM) or special code division multiplexing approaches. In the frequency domain, non-coherent
approaches are known as self-heterodyne OFDM or self-coherent OFDM. Very recently a nonco-
herent method for OFDM with Index Modulation (IM) was proposed, which exploits a sparsity
of @ active subcarriers out of N. The modulation can be seen as a generalized N — ary {frequency
g; non-
orthogonal constellations. By grouping the N available subcarriers in N/G groups of size G > Q

the spectral-efficiency/performance can be improved.

SUMMARY OF THE INVENTION

[8018¢] Systems and methods in accordance with various embodiments of the invention utilize
a modulation scheme referred to as Modulation of Zeros (MOZ), which is a modulation scheme
that modulates a sequence of bits on K distinct zeros of the z—transform of a fixed set of nor-
malized complex-valued sequences of length K + 1, which is known at the transmitter and re-
ceiver. In a number of embodiments, MOZ can involve Modulation of Conjugate-reciprocal Zeros
(MOCY, pronounced as "moxie"). In several embodiments, MOY, can involve Binary Modulation
of Conjugate-reciprocal Zeros (BMOCY). Most conventional modulation schemes modulate data
either in time or frequency domain, which are connected by the linear Fourier transform. The MOZ
modulation schemes described herein operates on the complex-valued zeros of the z-transform of
the discrete-time baseband signals. Each of these modulation schemes can be utilized within com-

munication systems in accordance with various embodimuents of the invention (o reliably transmit
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information data over unknown FIR channels by encoding the message onto the zero structure of
the z-transform of the transmitted sequence.

(66111  In many cmbodiments, use of a MOZ modulation scheme enables a number of bits to
be transmitted that is proportional to the transmitted signal length and does not require the trans-
mission of any pilot data. In a single block transmission scenario, neither the transmitter nor the
receiver need to know anything about the FIR chanpel: netther its coetlicients, nor even its length.
In many embodiments, the receiver simply takes as many sigoal samples as are above the noise
level to collect all significant paths.

(68121  When the number of transmitted bits is small, an exhaustive search over all joint zero
configurations is possible, thereby allowing implementation of a Maximum-Likelthood (ML) re-
ceiver. If not, a decoder can attempt to locate the transmitted zeros by determining the roots of the
received polynomial and performing some sort of nearest neighbor search. Betier yet, decoders in
accordance several embodiments of the invention search for the zeros independently by directly
testing for the zero locations, one at a time, a scheme that can be referred to as DiZeT.

[0613] When the zeros are chosen in conjugate-reciprocal pairs (MOCZ), a scheme can be ob-
tained with many desirable properties: the transmitied sequences have all the same autocorrelation
function, and the linear tirne simple DiZeT decoder discussed below has near ML performance. In
several ernbodiments, the particular conjugate-reciprocal zeros result in Huffman sequences with
further favorable properties.

[8834] Extensive simulations of the MOZ, MOCZ, and BMOCY methods, and their various
decoders, demonstrate favorable performance in the regimes of interest (short packet lengths and
sporadic communication) compared to existing pilotiess schemes (PPM and blind OFDM), as well
as pilot schemes. Exemplary simulations demonstrating the merits of MOZ schemes in the pres-
ence of noise, timing uncertainy and carrier frequency uncertainty are discussed below.

[6615] In a number of embodiments, communications that include MQOZ schemes incorporate

multiple transmitters and/or multiple receivers. When the recetver has M antennas, receive antenna
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diversity can be exploited, since each antenna receives each MOCZ symbol over an independent
channel realization.

(60161 A communication system in accordance with one embodiment of the invention includes

a transmitter having: a modulator configured to modulate a plurality of information bits to obtain

a discrete-time basehand signal, where the plurality of information bits are encoded in the zeros of
the z-transform of the discrete-time baseband signal; and a signal generator configured to generate

a continuous-time transmitied signal based upon the discrete-time baseband sigonal. In addition,

the communication system includes a receiver having: a demodulator configured to sample a re-

ceived continuous-time signal at a given sampling rate; a decoder configured to decode a plurality

of bits of information from the samples of the received signal by determining a plurality of zeros

of a z-transform of a received discrete-time baseband signal based upon samples from the received

continuous-time signal, identifying zeros from the plurality of zeros that encode the plurality of
information bits, and outputting a plurality of decoded information bits based upon the identified

7RT0S.

(6017} Ina further embodiment, the plurality of zeros of the z-transform of the received discrete-

time baseband signal includes a plurality of zeros that encode information bits and at least one zero

introdoced by multipath propagation of the transmitied signal,

(00181  In another embodiment, the z-transform of the discrele-time baseband signal comprises

a zero for each of a plurality of encoded bits.

[8039] In a sull further embodiment, each zero in the z-transform of the discrete-time baseband

signal is limited to being one of a set of conjugate-reciprocal pairs of zeros.

(66207  Instill another embodiment, each conjugate reciprocal pair of zeros in the set of conjugate-
reciprocal pairs of zeros includes: an outer zero having a first radius that is greater than one; an

inner zero having a radius that is the reciprocal of the first radius, where the inner and outer zero

have phases that are the same phase; the radii of the outer zeros in each pair of zeros in the set of

conjugate-reciprocal pairs of zeros are the same; and the phases of the outer zeros in each pair of
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zeros in the set of conjugate-reciprocal pairs of zeros are evenly spaced over one complete revolu-
tion.

(66211 In a yet further embodiment, the discrete-time baseband signal is a Huffman sequence.
(06022} In vet another embodiment, at least one of the zeros of the z-transform of the discrete-
time bascband signal encodes a plurality of encoded bits.

[6623] In a further embodiment again, the at least one zero in the z-transform of the discrete-
time baseband signal that encodes a plorality of encoded bits is limited (o being a zero from a set
of more than two zeros.

108247  In another embodiment again, the at least one zero in the z-transform of the discrete-time
baseband signal that encodes a plurality of encoded bits is limited to being a zero from a set of
multiple conjugate-reciprocal pairs of zeros.

[6025] In a further additional embodiment, any bit encoding/labeling of each transmitted zero
to the set of admissible zero positions can be used, for cxample. by Gray coding.

[6626] In another additional embodiment, each conjugate-reciprocal pair of zeros in the set of
multiple conjugate-reciprocal pairs of zeros have phases that are distinct from the other conjugate-
reciprocal pair of zeros in the set of multiple conjugate-reciprocal pairs of zevos.

(60277 In as stll vet further embodiment, each zero n the set of multiple conjugate-reciprocal
pairs of zeros have the same phase.

[6028] In sull yet another embodiment, the decoder is configured to determine the most likely
set of zeros for the z-transform of the discrete-time baseband signal used to generate the transmit-
ted signal based upon the samples of the received continuous-time signal.

(66297  In a still further embodiment again, the decoder determines the most likely set of zeros
for the z-transform of the discrete-time baseband signal used to generate the transmitted signal
using an autocorrelation codebook.

(00307  In still another embodiment again, the decoder determines the decoded information bits

by performing a weighted comparison of samples of the z-transform of the received discrete-time

=~
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baseband signal with each zero in a set of zeros.

[633%1 In a further additional embodiment, each zero in the z-transform of the discrete-time
baseband signal used to generate the transmitted signal is limited to being one of a set of conjugate-
reciprocal pairs of zeros.

(60321 In another additional embodiment, each zero in the z-transform of the discrete-time base-
band signal used to generate the transmitted signal is limited to being one of a conjugate-reciprocal
pairs of zeros,

[G6033]  In a still yet further embodiment again, the decoder performs the weighted compari-
son using an inverse discrete Fourier transform of delayed and weighted samples of the received
continuous-time signal.

(66347 In still yet another embodiment again, the decoder is configured to determine zeros that
encode the plurality of information bits by identifying zeros from a set of possible zeros that are
closest to the zeros of the received signal determined based upon a given distance measure.
166351  In a still vet further additional embodiment, the decoder is configured to separate zeros
of the received signal that encode information bits and zeros of the received signal introduced by
multipath propagation of the transmitted signal by selecting a predetermined number of the zeros
of the received signal based npoun the distance between each zero in the received signal and a cor-
responding closest zero 1n the set of possible zeros.

[G036] In still vet another additional embodiment, the modulator is configured to encode the
plurality of information bits using an outer code and the decoder is configured to correct bit errors
in decoded information bits using the outer code.

(66371  In a still yet further additional embodiment again, the receiver is configured to estimate
characteristics of a channel over which the received continuous-time signal was transmitted.
[6038] In still yet another additional embodiment again, the transmitter and receiver are con-
figured to transition o communicating using a non-blind communication scheme, wherein the

noun-blind communication scheme is configured based upou the estimated channel characteristics.
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[6039] In another further embodiment, the receiver comprises a plurality of receive antennas
and the decoder determines the decoded information bits based upon a plurality of continuous-
time signals received by the plurality of receive antennas.

(00407 In still another further embodiment, the continuous-time time transmitted sigonal com-
prises a carrier frequency modulated based upon the discrete-time baseband signal.

[G048] In yet another further embodiment, the demeodulator comprises an analog to digital con-
verter.

[6042] A transmitter in accordance with one embodiment includes a modulator configured to
modulate a plarality of information bits {o obtain a discrete-time baseband signal, where the plu-
rality of information bits are encoded in the zeros of the z-transform of the discrete-time baseband
signal, and a signal generator configured to generate a continuous-time transmitted signal based
upon the discrete-time baseband signal.

(6043} In a further embodiment, the continuous-time transmitted signal comprises a carrier fre-
quency modulated based upon the discrete-time baseband signal.

[0044] A receiver in accordance with one embodiment includes a demodulator comprising an
analog to digital converter configured to sample a continuous-timne received signal, and a decoder
configured to decode a plurality of bits of information based apou the samples of the continuous-
time received signal by: determining a plurality of zeros of a z-transform of areceived discrete-time
baseband signal based apon samples from the received continwous-time signal; identifying zeros
from the plurality of zeros that encode the plurality of information bits; and outputting a plurality

of decoded information bits based upon the identified zeros.

BRIEF DESCRIPTION OF THE DRAWINGS
[G0453] It should be noted that the patent or application file contains at least one drawing exe-
cuted 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.
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[6646] Fig. 1 conceptually illustrates multipath propagation of transmitted signals.

{68471 Fig. 2 conceptually illustrates a transmitter and receiver that utilize a binary MOZ scheme
over an unknown multipath channel implemented in accordance with an embodiment of the inven-
tion.

100481 Fig. 3 conceptually illustrates a process for encoding and decoding data using Modula-
tion on Zeros (MOY) in accordance with an embodiment of the invention.

106491 Fig. 4A conceptoally illustrates the zeros of the z-transform of an arbitrary MOCZ
scheme in accordance with an embodiment of the invention.

[005¢] Fig. 4B conceptually illustrates the zeros of the z-transform of a Huffman Binary Modu-
lation on Conjugate-reciprocal Zeros (BMOCZ) scheme in accordance with an embodiment of the
invention.

[6651] Fig. 5 conceptually illustrates a gradient decent algorithm in accordance with an embod-
iment of the invention.

[6652] Fig. 6 conceptually illustrates a backtracking line search algorithm in accordance with
an embodiment of the invention.

106531  Fig. 7 conceptually tllustrates the zeros of of the z-transform of a M-ary Phase MOCZ
(PMOCY) scheme in accordance with an embodiment of the invention.

{00547 Fig. 8 is a chart showing the BER performance of a M-ary PMOCYZ scheme in accor-
dance with various embodiments of the invention for M = 1,24 over received £, /Ny.

{06557 Fig. 9 is a plot showing simulation results of root neighborhoods for seven noise pow-
ers in the range of -22dB to -5dB. each with 1000 realizations, for a transmitted signal with a
z-transform having six Huffman zeros {black square) and 3 channel zeros {red square) for R =
1.225.

[6056] Fig. 10 conceptually illustrates the zero-patterns of the z-transform of a Huffman Binary
Modulation On Conjugate-reciprocal Zeros (BMOCZ) scheme including their root-neighborhoods

with radius & which allow a maximal zero separation dny, in accordance with an embodiment of

10.
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the invention.

{68577 Figs. 11A - 11C are plots showing simulation of 7 SNR values in 22dB - 5dB (darker
color higher SNR) for a fixed Huffman sequence with X = & zeros under free different radii imple-
mented in accordance with an embodiment of the invention. For each SNR value 1000 ditferent
noise polynomials where gencrated.

[6638] Fig. 12 is a plot of a theoretical worst case noise bound with {xy| = LR = 1.}, N =

[6¢359] Fig. 13 is a plot showing the maximal root-neighborhood radius & of Huffman polynomi-
als over SNR for R, (N) = 1.5538;1.3287,1.1791 for a system implemented in accordance with
an embodiment of the invention.

[6060] Figs. 14A and 14B shows simulation results of BMOCZ for simulations performed with
Matl ab 20172 of the bir-error-rate (BER) over received SNR (3) and average energy/bit/noise-
power Ej, /Ny for L independent Rayleigh fading paths for p = 1 in (2) and fixed signal length
K+1=8.

[0661] Fig. 1S is a simulation plot showing various blind modulation schemes for K =7
and K = 31 which achieve a target BER of 107! at £,/Ny over various channel lengths [ =

1,4,8,16,32,64,128.

DETAILED DESCRIPTION

[0662] Turning now to the drawings, systems and methods for communicating data by transmit-
ting waveforms, where the data is represented by the zeros of the z—transform of the transmitted
waveform in accordance with various embodiments of the invention are illustrated. The process of
modulating data on the zeros of the z—transform of the transmitted signal can be referred to as a
Modulation on Zeros (MOZ) mwodulation scheme. A number of MOZ schemes can be implemented
in accordance with various embodiments of the invention,

[6363] In many embodiments, the transmitier modulates data onto conjugate-reciprocal zeros of

11
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the z—transform of the transmitted signal. Modulation on Conjugate-reciprocal Zeros can be re-
‘erred to as a MOCYZ modulation {(pronounced "Moxie"). In several embodiments, MOCZ involves
selecting between transmission of conjugate-reciprocal pairs of zeros (in the complex plane) and
thereby transmitting a signal that is constructed using a polynomial whose degree is the number of
payload bits. In a number of embodiments, a non-linear modulation on polynomial zeros utilizes
Huffrean sequences. As is discussed below, use of Huffman sequences can enable implementation
of efficient and reliable decoders. In a number of embodiments, a ML decoder is implemenied that
depends only on the power delay profile of the chanuel and the noise power. In certain embodi-
ments, a low complexity decoder specifically designed for Huffman sequences is utilized having
a complexity which scales only linearly in the number of bits to transmit. In many embodiments,
receiver utilizes receiver diversity to improve system performance. In addition to describing a va-
riety of communication systems that utilize MOZ modulation schemes and employing practical
decoders, the following discussion presents simulation results that demonstrate that commurniction
systems based upon MOZ, schemes are able to outperform noncoherent OFDM-IM and pilot based
M—CQAM schemes in terms of bit-error rate in a variety of circumstances.

(00641 Commanication systems and methods that atilize MOZ, in accordance with various em-
bodiments of the invention are discussed in detail in the sections that follow. The discussion
is structared to introduce some conventions regarding the notation used to describe the various
communication systems described herein, a generalized overview of communication systems that
utilize MOYZ are presented, MOCZ and BMOCYZ systems are described (including systems based
upon the use of Huffiman sequences), a number of practical decoder implementations are presented,
and then simulation results are presented that compare the performance of communication systems
that employ MOZ schemes and conventional blind communication systems. While much of the
discussion that follows focuses on the use of specific MOCZ and Huffman sequence based Bi-

nary MOCZ (BMOCZ) schemes, the techniques described herein can be used to extend the MOZ

12.
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modulation and encoding principles to general codebooks based on polynomial zeros.

Notation
[G365]  In the discussion that follows, small letters ave used for complex numbers in C. Capital

Latin letters denote natural numbers N and refer (o fixed dimensions, where small letters are used as

denote vectors and capitalized letters refer to matrices. Upright capital letters denote complex-

valued polynomials in C. For a complex number x = a + jb, given by its real part Re{x) =a € R

by X = a— jb and its absolute value by

complex-conjugated time-reversal or conjugated-reciprocal, given as x, =I5, for n € [N]. We
use A* = A for the complex-conjugated transposc of the matrix A. For the identity and all
zero matrix in N dimension we write Iy respectively On. By Dy we refer to the diagonal matrix
generated by the vector x € CY. The N x N unitary Fourier matrix F = Fy is given entry-wise by

- ik I N 7 . 1 " . . . . . .
fie = o RIK/N VN for Ik € [N]. The all one respectively all zero vector in dimension N will be

J

e > ~N N ' f - A | v -
denoted by Iy resp. 8y. The {,-norm of a vector x € CV is given by 511"“_,) = ( 1;(\:1 VP for

o

p=> 1.1 p=oothen | == maxy, ;. The expectation of a random variable x is denoted by E{x].
The disclosure also refers to x 8y 1= diag(x}y as the Hadamard {(point-wise) product of the vectors

x,5ycC

System Model

[0066] Systems and methods in accordance with many embodiments of the invention involve
transission of data of an unknown multipath channel. Multipath propagation of transmitted data
is conceptually illustrated in Fig. 1. In the illustrated embodiment, the communication system
100 incindes a base station 102 that is acting as a broadcasting transmitter and an arbitrary mobile

station 104 that is acting as a receiver. In the Hlustrated embodiment, the signal transmitted by the
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base station 102 can be received by the mobile station in 104 via six different 106 paths of propaga-
tion. Therefore, the signal received by mobile station 104 is a superposition of the signals received
via the different paths subject to the various delays experienced by the signals. The channel also
introduces noise.

{08671  In order to obtain a general appreciation of the manuner in which a system that relies upon
MOZ modulation transmits data blindly over a multipath comrmunication chaonel, a fransmitter
and receiver that utilize a binary MOZ scheme over an vokunown multipath channel implemented
in accordance with an embodiment of the invention are conceptually illustrated in Fig. 2. The
communication system 200 includes a modulator 204 within the transmitter that performs a mod-
ulation operation f to transmit data over a multipath channel 205 and a decoder 206 within a
receiver that performs a demodulation/decoder operation g. As discussed below, both the mod-
ulation operation f and the decoder operation g rely on at least on shared zero-codebook 2. It
is in principal possible that a receiver can blindly identify the used zero-codebook taken from a
predefined set of zero-codebooks to allow for exarmple multiple access schemes, As is discussed
below, the transmitter and recciver described herein are practical and can be iraplemented using
logic devices including (but not limited to) field programmable gate arrays, digital signal proces-
sors, and/or any of a variety of conventional software defined radio platforms.

[B868] The binary message sequence my € {0, 1} is chunked at the transmitter in blocks of
length K. For BMOCY, the modulator f encodes the block m to a normalized complex-valued
symbol (sequence) X == (xp,...,xx)7 € C¥7! by using the zero-codebook 2 of cardinality 25 In
many embodiments, when the block size K is small, the discrete-time BMOCZ symbols can be
pre-generated using the methods described below for creating a codebook, and is selected using
a lookup mechanism such as (but not limited to) a lookup table. The BMOCZ symbol x is typ-
ically modulated onto a carrier frequency f. with a pulse generator running at a sampling clock
7 = 1/W to transmit a real-valued passband signal of bandwidth W to the receiver over an un-

known time-invariant channel with a maximuom delay spread of 7y = LT which resolves L equally

14.
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spaced mulii-paths (delays). After a down-converting and sampling to the discrete-time baseband,
the receiver observes the channel output ¥y under an unknown additive noise vector w. The de-
modulator/decoder 206 can obtain from the received signal an estimated block codeword i by the
knowledge of the zero-codebook 2.

166691  Although a specific binary MOZ scheme is described above with reference to Fig. 2, as is
discussed below, a variety of MOZ schemes can be implemented as appropriate to the requirements
of a given application in accordance with various embodiments of the invention including (but not
limited to) communication systems that employ 8-ary MOZ schemes, MOCYZ schemes, multiple
receive antennas and/or outer codes to provide additional error correction capabilities enabling
recovery of message bits in the face of received bit errors. In order to appreciate these different
variants a more complex and generalized model of a communication system that utilizes a MOZ

scheme is described below.

System Models for Point-to-Foint Communication Systems Employing MOZ Schemes

(60707 Many embodiments of the invention can be modeled as a single-antenna point-to-point
communication over a frequency-selective block-fading channel, where the channel delay spread
Ty = LT is in the order of the signal (block) duration 7, = N7, given by the symbol period or
sampling rate 7 and overall block length N. Over short transmissions, the chanusel can be assumed
to be time-invariant or quasi-static in each block, but may change arbitrarily from block to block.
Conventional coherent communication strategies, mostly based on OFDM, are expected to be inef-
ficient in this regime. Accordingly, systems and methods in accordance with various embodiments
of the invention utilize a noncoherent modulation scheme, which keeps the information invariant
undder multipath propagation and thereby can avoid channel estimation and equalization at the re-

ceiver. Given these assumptions, the discrete-time baseband model for the system can be expressed

s
o
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as:
L1
i A b i e £ oxay N o~ a7l . y 7 o
vp = {h*x), +w, = L yxp+w, for neN:={01,... ,N—1}, (H
1=
where X = (xg,...,xx) € CXT! denotes the transmitted discrete-time baseband signal {symbol)

with coefficients xp and b = (g, ... iy 1) € CF the channel coefficients (taps). The vector y =

\ = N

(vo,...,yn_1) € CV defines the N = L+ K received symbols and w € CV the additive noise at the

2 cK 2
3 josend }"-k:O E*xi{‘/ proad E,

[6671] Note that, contrary to the traditional setting of long data frames, the communications are

receiver. Transmit energy £ can be assumed to be normalized, i.e., ||x

consider here to be “one-shot” or "burst" communications, where only a single short-packet x will
be transmitted. The next transmission might happen at some indefinite future time point so that
previous channel knowledge is of no use. As can readily be appreciated, the technigues described
herein can also be ntilized to transmit long data frames and/or sequences of packets,

[6672]  In many embodiments, the channel and noise can be modeled as independent circularly

symmetric complex Gaussian random variables

By~ CN{O,p'y and  wy, ~ CAL0, No) (2)

where 1t is assumed with p < 1, 1.e., an exponential decaying power delay profile (PDP) — see for

example. The average received signal-to-noise ratio 1s therefore:

s < El=hls] B Yo b PEIAP X
> 2y ,
|| w]3] '

2 ER3]

)

2]

wi

Since the average energy of h is then given by Ef||

16.



WO 2019/148139 PCT/US2019/015480

p<1i

1-pt 11— ph

E[|hf3] = =—~ and 1SNR = .
[Hl‘,z] 1= and 1 NN (

[6673] Any of a variety of channel models can be utilized in the design of a communication
systern that utilizes a MOZ scheme in accordance with various embodiments of the invention as
appropriate to the requirements of a given application. As can rcadily be appreciated, the benefits

of a MOZ schernc are likely to be most apparent in channels that exhibit multipath propagation.

Transmission Scheme via Modulation On Zeros

108747 Referring again to Fig. 2, modulators, in accordance with many embodiments of the
invention, map by f each binary block m € {0,1}% of & bits to a complex-valued discrete-time
baseband signal x ¢ C5*!, Hereby, sender (transmitter) and receiver agree on at least one fixed
zero-codebook & which is a set of 28 zero patterns of length K. Each zero can then be chosen
from a set of cardinality 28/ which allows to encoded B/K bits. Each pattern defines then a
polynomial X{z) of order K which is identified with the inverse z—transform to the normalized

~ K41

signal x € U870 As is discussed further below, a variety of modulation schemes can be wtilized

based upon different zero patierns in 27, which differ in complexity and performance.

[0075] The convolution in (1) can be represented by a polynomial multiplication. Let x € CF*1

recetved signal (1) in the z—domain is given by a polynomial of degree X 7. — 1

Y(z) = X(g)H(z) + W(z), (5)

where X(z},H{z), and W{z) are the polynomials of degree K, L — 1 and K + L — 1 respectively

generated by x,h and w. Any polynomial X(z) of degree K, can also be represented by its K zeros

~
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¢y and its leading coefficient xx as

[6076] When x is normalized, xx s fully determined by its zeros ¢, which define X degrees of
freedom. The notation X(z) is commonly used for the z—transform or transfer function. However,
since cach polynomial of degree K with non-vanishing zeros corresponds to a unilateral (one-sided)
z—transform with the same zeros and an additional pole at z = 0, both “zero” represcntations above
can be considered equivalent.

[6077] The multiplication by the channel polynomial H(z) adds at most L— 1 zeros, say {8 }5.,.
which may be arbitrarily distributed over the complex plane depending on the channel realization.
However, for typical random channel models, it holds with probability one that the channel and
signal polynomials, generated by a finite codebook set ¥ C CX*1, do not share a common zero.
The no common zero property is typically regarded as a necessary condition for blind deconvolu-
tion.

[0678] The high-level idea underlying the MOCZ modulation scheme is as follows. In the ab-
sence of noise, under the no common zere property the zeros of X(z) appear as zeros of Y(z) =
X{z)H(z) no matter what the channel length or realization is. Thas, the zero structure of the trans-
mitted signal goes through the channel “unaltered”. This suggests the benefits of encoding the
message on the zero structure of X(z}. Accordingly, systems and methods in accordance with var-
ions embodiments of the invention encode data in the zeros of the z—transform of the transmitted
signal.

[6079] Contrary to conventional modulation schemes, where usually each data symbol {coef-
ficent), either in time or {requency domain, can be placed at any point in the complex plane,

the K “zero-symbols” in the z-domain have to share the complex-plane. Hence, the modulation

18.
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scheme typically involves partitioning the complex plane in MK disjoint (connected) decoding

M1

o i - o, SR . L M b ey ()
[ and clustering them to K sectors (constellation domains) & = |}, 1 D/

sets {ka’ }k

. . . (1) . . .
fork=1,2,... K of sizc M cach. In many cmmbodiments, exactly one zero océ, " is associated with

{m) . - . - o {0) 4 n
cach set D ,,‘{r"k In this way, K zero constellation sets of M zeros each (2 = {o, 7, ... /

1 for
k=1,2,...,K) are defined.

[6086] Modulation of data can be achieved by constructing codebooks by choosing a particular
zero o from each 2 and therefore constructing MX different zero vectors o = {Qy,...,0K) €
F = P x - x D C CX. Such a zero-codebook Z allows one to encode K log M bits using a
discrete-time baseband signal having zeros in its z—transform corresponding to a zero vector from
the zero-codebook.

(63881 The message vector of an M-ary alphabet sequence can be partitioned into words m =
{my,...,mg} of length K and each letter my; is assigned to the kth zero-symbol o € Z; and the
decoder atternpts to recover the message vector based upon the zeros of the detected signal. The
process of encoding and decoding data in the manner desceribed above using MOZ in accordance
with an embodiment of the invention is conceptually illustrated in Fig. 3. While Fig. 3 includes
specific implernentation details, as is discussed further below various coraponents can be utilized
in the implementation of transmitters and receivers that utilize MOZ schemes as appropriate {o the
requirements of specific applications 1n accordance with various embodiments of the invention,
[0082] Note that in many embodiments, the zero constellation sets 2% are ordered in the zero-
codebook to enable a unique letter assignment. The zero vector ¢ and the leading coefficient xg
defines the vector x of polynomial coefficients. However, there are many methods to calculate the
coefficients. In many embodiments, a computationally efficient method is utilized that exploits the
Toeplitz structure of elementary convolutions with oy = {(—, 1)7 as X = XgOl| * 0y k- -k Qg =

XgXp | *Ux = Xxig which can be written iteratively as
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X510 O
*5.0 Xg—1,1 Xg—1,0 , 0
”'O(‘/' C{« .‘& ] A \
X, == § . § = . M 1 — 44 el °4 * X 7)
4 i ) (Xn 1) (\ 0 //} 917 % (

*g.4, Xg-tg—1Xg-1g-2

0 x414-1
for g € {2,3,. +and x; = 0. Note, this iterative process is also used in the Matlab function

poly.
[B8831 To obtain normalized signals xx can be set to xg = 1/{ixx|l. The matrix operation in
(7) needs ¢ multiplications and g — 1 additions, which results in 1+ (K* — K)/2 multiplications
and (K* — K)/2 additions for x, plus the normalizing which involves K — I multiplications and
-1 additions more. Thus, a (K - 1)—block codebook % of non-orthogonal signals (sequences)
in the time-domain can be generated in polynomial time O(K>). Although much of the focus
herein is single-shot transmission, for consecutive transmissions or a multiple user access a guard
interval of length L — 1 resulting in a transmit and receive block length of N = K + L taps can
be utilized. Having introduced the general MOZ modulation approach. various communication
systems that utilize Modulation on Conjugate-reciprocal Zeros (MOUZ) schemes and the benefits

of such schemes are discussed below.

Modulation On Conjugate-reciprocal Zeros (MOCZ)

[6084] In many embodiments, the MOZ modulation scheme involves the modulation of data
using conjugate-reciprocal 2M—ary MOZ constellations. In several of these embodiments, the
complex plane is partitioned into K sectors & of arc width 21/K containing distinct conjugate-

reciprocal zero pairs ordered by increasing phase and radins

T {{(m 1/ (LL )} {(a;{’ l/ozk))},.,.?{( (M) 1/(x;M';}}, (8)

20.
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o (m); - . o
where it is assumed that w.lo.g. |op | > 1. The above modulation scheme can be referred to

as M —ary Modulation On Conjugate-reciprocal Zeros {MOCZ), pronounced as “Moxie”. Thus,
log M bits are encoded per zero and overall K log M bits are encoded on sequences of length £+ 1.
[G685] For M = 2 this yiclds one bit per transmitted zero and hence X bits in the transmitted
signal x, see Fig. 4A where the blue circles denote the zero pairs from the zero codebook 2 and
solid blue circles actual transmitted zeros and red squares received zeros, given by channel and data
zeros. The zero-codebook & 1= {8 ¢ CF [ dy € {oy, 1 /@5 },k=1,2,... K} is defined by K distinct
conjugate-reciprocal zero pairs generated by a fixed zero-vector o = {(Xk}f] e CX with zeros
= Rpe/% outside the unit circle for some & > 1 and ordered by their phases §; < 02 < --- < 0g.
Hence, the cardinality of 27 is 2X. The encoding rule of the bit block can be given in the zero-

domain by

= e . k=1,2,... K 9

X(z)= ¥ xdd =g [z~ o) € C[). (10)

[0086] Taking the inverse z—transform Z ! of X(z) gives the discrete-time-codeword {symbol)
X € %, where xg is chosen such that x is normalized in the £;—norm. The time-codebook ¥ or
signal constellation set, is then the set of all normalized sequences of length K 4 1 with the same

autocorrelation. This defines the Binary MOCZ modulator as

F{0 3 < CF 5 ofH
) K o (11
(m,o) = flmo) =2 [ax [Je— 8™ e/ | =x
. k=1

21



WO 2019/148139 PCT/US2019/015480

[6087] Inseveral embodiments, K ordered phases ¢ < ¢y <--- < ¢Pgand Kradii 1 < Ry, K>,... Ry
can be chosen. A block m € {0,1}% of X bits to a0 = (01,...,0x)7 can be encoded as conjugate-

reciprocal zeros

Oc,g f= R,:Ceﬁl’* Sy =
O 1= . ke{l,2.. K}, {12)
1) —1 i,
Oc,g ' =R, el oy =0

which defines with (7) x € CXHL, see Fig. 4A. This binary modulation scheme can be referred to
as a Binary Modulation On Conjugate-reciprocal Zevos (BMOCYZ), provounced “Bi-Moxie”. For
appropriate radii Ry and phases ¢, these zero constellations exhibit remarkable robusiness against

additive noise.

Huffman BMOCZ encoding (see discussion below and Fig. 4B), otherwise the modulation scheme
can be referred to an an Arbitrary BMOCYZ encoding (see Fig. 4A). The bitrate for the BMOCZ

scheme over an L multi-path channel can be given as

Ry = = (13)

[0689] For an arbitrary BMOCYZ zero-codebook 2, the 2K zeros | Z; of the K pairs are then
the zeros of an autocorrelation polynomial with cocfficients a = x+x— € C¥71 where the leading
coefficient arg 1s such that ax = 1 (normalization of x). From this construction it follows that all
such zero-encoded signals x have the same autocorrelation a. The codebook ¥ is therefore defined
by the 25 non-trivial ambiguities ¥ of the autocorrelation which allows one to encode K bits of
information.

(60901 While specific MOCZ, BMOCYZ, and Huffman BMOCY schemes are described above,

22.
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any of a variety of MOZ schemes including any cardinatity, and/or with or without conjugate-
reciprocal zeros in the Z-transforms of the transmitted signals can be utilized as appropriate to the
requirements of specific applications in accordance with various embodiments of the invention.
Systerns and methods for decoding data transmitted via MOZ and MOCYZ in accordance with

vartous embodiments of the invention are discussed below.

Demodulation and Decoding via Rooi-Finding and Minimum Distance

(60911 A variety of decoders can be implemented in accordance with different embodiments
of the invention. Before discussing specific decoder implementations, it can be helpful to first
explain in principle how to demodulate data transmitted using a MOZ scheme. The following
discussion then provides a framework for discussing, specific efficient demodulation/equalization
implementations.

[00%2] At the receiver it can be observed by (1) in the z—domain a disturbed version of the

transmitted polynomial

K -1 N1
Y(2) = X(2) - H() + Wie) = s [[ e~ o) [T =Bty [Je=w) (14
k=1 1=1 n=1

where new channel zeros By appear in addition to the transmitied zeros oy of X(z) and both are
perturbed by the noise polynomial W{(z). From the received signal coefficients y, the zeros G, of
Y{z) can be compuited using any of a variety of root finding algorithms.

[6893] The decoding can be performed in two steps: (i) §, is assigned to sector &y if and only

if for all &/

(m} T (e P
1nind(§,;,oc§<m’) < mmd(f;n,a}c,-”') (15)
m ’ m

holds. Here d(-, -} defines a distance on C. Then, (ii) separation of data and channel zeros is done
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by minimum distance (MD) decision

N . . (m} e - p
Ay = argmin  min d{e G, k=1,2,.. K. (16)
me{1..,M} GnESk

[6094] The above approach can be abbreviated as the Rooi-Finding Minimal Distance (REMD)

Ay

decoder. For BMOCZ this is illustrated in Fig. 4A, where d,g'z/ =d (\thx,:"’ ) is used for m =

0,1 with M = 2. In many instances, only the (anweighted) Euclidean distance d(x,v) = |x —
v| is considered for RFMD, but other distance measures may be suitable as appropriate to the
requirements of given applications.

[G6395] The decoding sets S,m/’ are Voronoi cells of the zeros agn) with respect to the distance
function d. In the case of a uniform distribution of the received zeros this can yield optimal
performance in (16}. If a sector contains multiple zeros, {16) will select the smallest distance, see
Fig. 4A, where for k = 2 the zero {, is closer to ag_g) as {ypp isto (Xéi). If & contains no ze1os,
mig can not be reliably decoded, resulting in an error. This decoding scheme differs therefore from

conventional decoding, since more zeros are observed in a multipath channel at the receiver than

were transmitied,

Autocorrelation Maximum-Likelihood Decoders
[6096] An Autocorrelation Maximum-Likelihood (AML) decoder is a maximum-likelihood de-
coder based on a fixed normalized autocorrelation codebook 7. The AML is then independent of

the channel and gives the optimal estimation by

&= agmaxy X(I +0 X'X) X'y (17)
X6

for additive noise power ¢. Here X € CV*% are the banded Toeplitz matrices generated by

xc C8gnd Y isthe L x L identity matrix.

24.
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[6097] While the discussion above relates to general decoders. Different decoder have different
complexities, which might perform fast or very slow, and a certain error probability, depending on
the used MOZ modulation scheme. Moreover, several estimation algorithms obtain a channel es-
timation which might be useful depending on the scenario. Specific sequences that can be vtilized
within BMOCY. schemes that enable the use of simple practical decoders and the characteristics
of those decoders in accordance with many embodiments of the invention are discussed further

below.

Huffiman BMOCZ

[0698] A BMOCZ scheme can be applied to any autocorrelation sequence a = x xx- e O

generating a polynomial with simple zeros (all zeros are distinet). However, among these auntocor-
relations a = {(zh}ifg, Huffman autocorrelations described in Huffman, D., 1962. The generation
of impulse-equivalent pulse trains. IRE Transactions on Information theory, 8(5), pp.10-16, the
disclosure of which is incorporated by reference herein in its entirety, have beneficial impulsive
characteristics, since the Huffran sequences are “almost” white. For a given peak-io-side-lobe
(PSLYm € (0,1/2), all coeflicients are zero except for the side-lobes ag == ayy = —1 and the main-

lobe ax = 1. Hence, such an autocorrelation generates the polynomial (or power spectral density):

Alz) = —n+25 =12 and  A(e”™) = 2ncos(2nKo) + 1. (18)

[6099] Sincen < 1/2 the z-transform A{z) has no zeros on the unit circle. Taking A(z) =0asa

quadratic equation in z5, one can immediately determine all the zeros oy, = Rpe/% by

Th/T—4n2\ | k1
R =R = mgﬁl) =2 for k=1,2,... K. (19)

[0160¢] The K conjugate-reciprocal zero pairs are uniformly placed on two circles with radii

1 - o e 2kl 1 onifsly :
R>1and R, e, o € 25 = {Re™ % R 1™ % }. The zeros are vertices of two regular
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polygons, centered at the origin, see Fig. 4B. The biue circles in Fig. 4B denote the conjugate-
reciprocal zero pairs from the zero codebook 2 that are uniformly placed on the two circles with
radii R > 1 and R}, the solid blue circles indicate the actual transmitted zeros, and red squares

received zeros, given by channel and data zeros. Expressing (18) by its zeros, gives

K K K
Al = -]~ z— o) =xg [Jlz— o) H[Ja— o ") = X(2) - X*(z), (20
k=1 :

respectively X*(z) is called a Huffinan polynomial and their coefficients a Huffman sequence. Since

the autocorrelation is constant for each o € CX the following identity can be obtained

1

K 25 1.2 (1) 2l K 0 ng:]k Dimll, —K 2 W-hK 2lim| Ky K—1
H(Xk:HR (O PRy quiy o [l — e — RAM R R fhm; — (‘___1) -1
k=1 k

Toxgx = —1, and xg(—1)*[] 0 = xp, which is obtained by comparing the coefficients with the

¢

polynomials in (20) respectively X(z) = x; [1{z — o), the relation

e ibo ol — X 0y s ] \
t)’K E fosid --/-------7--::---/-----;----------------‘ 4-{:::":»» "\:0 froid fjj o \/-T}R ! liﬁ”l 2 , )*K I e e}@ﬂ V/I;E'}R 2 "EnHl (2 1 )

for a message m = {my,...,mg) with a global phase ¢¢. By rewriting 1 in terms of the radius
1 = 1/(RX + RX) and setting ¢o = 0, the first and last coefficients of the normalized Hoffman

sequence x simplifies to

Xp = ,\/,/Rggimii, /{1 R7K} and xx = — ,\/R72Hm§§1!/(1 {R”{) (22)

This suggests, that the first and last coefficients of Huffman sequences are dominant if 1 ~ RX,

which will help for rime synchronisation and detection of the channel length at the receiver. More-

I
J

over, if m is i.i.d. uniformly distributed we get by the binomial theorem E[lxg|*] = E[jxo

26.
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27E(1 - ROX /(1 4+ RE). In fact, the magnitude of the first and last coefficients can be used for
parity checks.

(61011 Imopulse-like autocorrelations have also been used in radar. Hence, Huffman BMOCZ
can be a promising approach for combined radar and wireless communication applications such as
in vehicle-to-vehicle communication. As can readily be appreciated, the potential uses of Huffman

BMOCZ schemes is only limited by the requirements of particular applications.

BMOCZ Maximum Likelihood Decoding
[¢102] Efficient decoding techniques can be implemented for the BMOCUYZ scheme by explicitly
relying upon a codebook % having a fixed autocorrelation property. The convolution in (1) can be

written as hxx = Xh where X is the N x L banded Toeplitz matrix having (xp,...,xg,0 0yecy

¢ ORFIXK+L

as its first column. The Toeplitz matrix A generated by the autocorrelation a can also

be introduced. If L = K + 1 then
ag ... dg
A=X'X=| U (23)
oK .- AR
L <K, alxL principal submatrix can be cut out of A and for L > & the submatrix can be filled
up with zeros:
axg ... ag 0
' ag ... dg | . \ :
Ay = N for L<K, Ary={axk...ax ... an{ for L>K. (24)

Gff .. dK _ N N
0 ang ... 4

181931  The maximum likelifiood (sequence) estimator (MLSE), can be given as:

% = argmax p(y|x), (25)
XEE

N2
™~
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which determines the codeword x in the codebook % that maximizes the conditional probability.
By assumption (2) the channel and noise arc independent zero-mean Gaussian random variables,
such that the received signal y = Xh+ w in (1) will also be a complex Gaussian random vector
with mean zero and covariance matrix Ry = Elyy™]. The probability for y under the condition that

codeword x was transmitted is therefore

o VR Y

7V det(Ry )’
[0104] The covariance matrix of y is given by
Ry = E[Xhh"X"| + E[Xbw"] + Elwh™X"| 4+ E]lww"] = XE[bh" X" + GZIN, (27

where the two middle terms vanish, since w and b are independent random variables with zero-

which is a L x L diagonal matrix with diagonal p. resulting in the covariance matrix

Ry = Noly + XD,X". (28)

By setting X, 1= XD;,/Z € CYXL gquation (25) separates with (26) to

. . , o il 4 N A y
arg max p(y|x) = arg min ( ¥ (Vo + XpX5) ly +log(x! det(NoIy + XPX;})/}. (29

By using Sylvester’s determinant identity, the following expression is obfained

/2

det(Noy + XX, = det(Nol + X1X,) = det(Nol, + Dy *A, D

o) - X } = const. (30)

28.



WO 2019/148139 PCT/US2019/015480

Hence, this term can be omitted in (29). By applying the Woodbury matrix identity

¥ (Noly + XpIeX3) 1y = Ny Iyl — Noy X (Nofy + X3Xp) !Xy (31

[61065] Since ||y|}, is positive and constant, the ML estimator simplifies to & = argmaxy y" X (Nol; +

X Xp) ] X,y Inserting the diagonal power delay profile matrix results in
a ¥ 1/’2, T ; 1,/2 Ve i/2 -1 1_/2 kL J¥ —ler* -
R = argmaxy XDy (Mol + Dy " X'XKDy 7)) Dy Xy = argmaxy XB T Xy, (32)
X b4

where A7 € C7*Fis given by (24) and 0 < B = N()D; +Ap € CY*L is a matrix which reflects the
codebook, power delay profile. and noise power and acts as a weighting for the projections of y to

the shifted codewords. Hence, the Maximum Likelihood (ML) decoder becomes:

. 1 e 2
% = argmax']B V2sgeyll
X i

(010617 Note, for L = 1 the ML reduces to the correlation receiver which solves maxy x*yz
and BMOCZ becomes a 2% —ary non-orthogonal scheme. H L < X and the codcbook are the
Huffman sequences, then Az = Iy and B = By becomes a diagonal matrix with b = N{)p” + 1.
Heuoce, the result 1s a Rake receiver, where the weights for the /th finger (correlator) are given by
bl’"1 = pl + Ny ) /No, which reflects the sum power of channel gain and SNR of the /th path.

[G107]  As can readily be appreciated, the maximum likelihood decoder described above can
be implemented in hardware using an FPGA or DSP processor. Furthermore, the decoder could
provide soft metrics to an outer code that can be utilized to perform error correction. While specitic
implementations of Maximum Likelihood decoders are described above, decoders utilized within
communication systems that employ MOZ schemes are not limited to the use of ML decoders.
A variety of practical decoders that can be vtilized within communication systems that employ a

number of MOZ, schemes including (but not limited to) Huffman BMOCY schemes in accordance

29.
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with various embodiments of the invention are discussed below.

Weighted Direct Zevo Testing (DiZeT) Decoders
[6G168] In a number of embodiments, demodulation at a receiver is performed in one operation

by evaluating each bit using the following demodidation rule, called weighted Direct Zero Testing

(DiZeT),
o oY) P < of Y (/ap) ,
Hy, = , k=1,2,....K (34)
1 Lelse
where the weights are given by the geometric series
N-1 1 o |52V
+ Gy (20 = |o] s
{i)k e 2# i(xi‘i “F :W ) k:,l,?.,.~.$,[{ ‘\33)
== i

and called therefore geometric weights (GW). The GWs are independent on the rSNR and the

channel realizations. The only assumption is the length £ of the channel impulse response h

depend on the chosen zero-modulation used in & as well as the channel and noise parameters.
However, the receiver has the possibility to estimate the channel length and stop the sampling
at N taps if the magnitude falls below a certain voise level. The transmiiter veeds to append to
each transmitted symbol X a guard time of length L — 1 to avoid IST at the receiver if successive
symbol or multiple user transmission is used. DiZeT decoders in accordance with a number of
embodiments of the invention are discussed further below with respect to the specific example of

communication systems that utilize Huffman BMOCYZ schemes.

Diirect Zero Testing Decoder for Huffman BMOCZ

(61091 Huffman sequences not only allow a simple encoding by its zeros, but also a simple
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decoding, since the autocorrelations of the sequences are by design highly impulsive-like autocor-

relations. By setting 1} = (8g,ng )7 & CF for L > K. (18) provides the autocorrelation

i, L<K
A =X'X = . (36)

I,—nd)—dm*, L>K

(61107 Considering the case L. < K, B = Dy = DpX "X is obtained. If and only if Dy, = bl for
some b # 0, i.e., if either Ny — oo (high SNR) or p ~ 1 {constant power delay profile), the orthog-
onal projector P = 5 ' X(X*X) ' X* onto the range of X can be identified in (32) to obtain with
the left null space V of X the identity P = Iy — V(V*V) 'V A K x N generalized Vandermonde

mairix generated by the zeros of X(z) can be defined as

2 N L
Loy af ... o
lop o ... of

TR
Vo =

2 N1
Tog oy ... op

[6118] Since each zero is distinet, the Vandermonde matrix has fall rank K. Then, ecach complex-

conjugated column is in the left null space of the matrix X. More precisely

[l

X(on) ouX(o) ... ol X(oy)

=

X{og) oaX(u) ... az’"l}((&g)
Vo =1 , =0 & X'Vg=0. (38)

Kiog) ogXi{og) ... aﬁ;{'lX((xK\a

7/

(61127 In fact, the dimension of the left nuil space of X (null space of X¥) is exactly K for
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rank (X"} = L and the shifts of x are all linear independent for any x # 8. Hence,

b2

y*X(X*X}le*y =y Iy — Vo (ViVo) "'u/V = |V’ V&V!X\ ) Ll?Vﬁ (39)
which yields with the weighting matrix My = (V} V) "/ and the fact that y is fixed to

o)

7 N . rxwr \—1 /,H' = i - - ) ik 2 -

argmax p{y|x{a}) = argmin H (ViVo), “Viyll =argmin|MViyl5 {40y
o o ~ i [

[6113] The last minimization in (40) describes the ML estimator as a joint search over the
K—zeros of the sequence and turns it into an MLSE over zero-sequences. In what foliows an
approximation is described that allows a receiver in accordance with an embodiment of the in-
vention to search over each zero independently. For Huffman zeros, op = Ryel 17K win

R, € {R,R7}, which yields the following

/7 N ... 1 11 €12 ..o CIK
o oo N T L h ’
- oy ... Oy €21 €22 ... C2K \
VoVo= 1| : . . =1 . R (41
N : : .o
log ... o G-t TNET N .
oy ... CK1CRD -+ CKK,
N—liy = \n g 2 J28n (ko) ,,,R2N
where ¢ = Yo (06 T,)" = 3 ) YRR )P T and in particular ¢ g = — = Inexpecta-
; k

tion, for uniform bit sequences, E[RiR,,;| =2 T for & # m and hence for N = [K the off-diagonals are

roughly vanishing, since 5! el2malk—m)/K - (3 Hence, (41) can be approximated with o{|og]) =

,.7"“. = . 35 ,1 <
¢ as adiagonal matrix

My, = diag (o(]ai]), ..., olox

))- (42)

7
By observing that ¥y = (Y(Oﬂ_g) Y(i()(g)) , the exhaustive search of the ML in (40) sim-
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plifies to independent decisions for each zero symbol
&y = argmin (o )Y (o) |- (43)
g cfRR 1 }e,j:/:n(k—flf:/ff

[0114] This gives the Direct Zero Testing (DiZeT) decoding rule fork € {1,...,K}

(44)

sinece it holds ‘V/ TR --_:-'- =RV I L > K41, Ap = I;. Then the same approximation yields
to the same DiZeT decoder.
[0115] Geometrical Interpreiation: The DiZeT decoder in (34) tests each conjugate-reciprocal

. 1 imie—1Y/
pair of zeros {R”ev’*x"‘

XY to see which is more likely a zero of Y(z). It does so by evaluating
the polynomial Y(z) at these two zeros and by scaling them by ®(|z]). In many embodiments, the
scaling is necessary because polynomials scale exponentially in |z|. This scaling can be used as a
general rule of thumb for zero-patierns other than Huffman BMOCZ. The DiZeT decoder can be
readily imoplemented osing an FPGA or Digital Sigoal Processor to process digital output {rom an
analog to digital conversion of the received signal {(either directly or following mixing down to an
intermediate frequency or baseband).

(61167  While specific implementations of DiZeT decoders are described above, it should be
readily appreciated that a variety of decoder implementations that decode the received signal by
determining which of the conjugate-reciprocal pairs of zeros is present in the z-transform of the
transmitted signal can be utilized as appropriate to the requirements of a given application in ac-
cordance with various embodiments of the invention including (but not limited to) various imple-
mentations discussed below. Furthermore, communication systems that utilize Huffman BMOCZ
schemes in accordance with several embodiments of the invention can utilize any of a variety of

alternative decoders including (but not limited to) ML decoders and/or any of the various other

(52
L2
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types of decoders described and/or incorporated by reference herein.

FET Implementation of the DiZeT Decoder for Huffman BMOCZ
[6117] The DiZeT decoder for Huffrnan MOCY allows a simple hardware implementation at the
receiver. Assume two copy’s of the received samples y,. One is scaled with the positive radius R?

and the other with R, Le., we apply to y the diagonal matrix Dy = diag(1,RH!, . L REWN-

/ 3

and apply afterwards the QK —point unitary IDFT matrix F* on the N zero-padded signal, with
\ T

Q= [N/K}and N = QK — N, the following is obtained with DR ----- ( Dg Oy, N)

N-— JAmT
2-‘ _0 ‘y' R}" 37 T"

i 3 o~
JOKF*Dgy = : = Y(ay), OKF Dy 1y=Y(o “’\, (45)
(QF— 1k

N F j 2=
Z‘;,\":(}‘l )van e‘l“ft oK

/ e\ - s
{ O 20— 1)/ QK 3 g . : . .
¥ m? " _eﬂ, Ll Te ), QF} e C2. Then the decoding rule (44} becomes

sign(RY- J‘FDR Vol —IFDeylop-nD) ., k=1,... K. (40

=

Fa

|
[ I
+
!JI»--J
GQ

[G118] Here, @ > 2 acts as an oversampling factor of the IDFT, with each Qth sample utilized by
the decision rule. Hence, the decoder can be fully implemented by a simiple IDFT from the delayed
amplified received signal by using for example an FPGA, a DSP, or even analog front-end circnitry
of a type that is conventional in many current receivers. As noted above, the principles utilized
in the construction of the decoders described above are not limited to binary MOZ schemes. The
discussion that follows considers the manner in which M-ary Huffman MOCYZ schemes can be

uttlized within communication systems in accordance with various embodiments of the invention,

o

Combined Channel Estimation and Decoding
[¢119] Systems and methods in accordance with a number of embodiments of the invention

are capable of performing blind channel estimation and decoding. A number of processes can be

34,
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utilized to perform an reconstruction/estimation ¥ of the transmitied symbol. From the estimated
signal X the same decoders as above can be used to decode the bits. If the Huffinan sequences
arc used, an estimation of the channel covariance (autocorrelation) is possible, by using the zero-
forcing equalization (frequency-domain-equalization) on the autocorrelation

RO I L A T e | B
&, = ¥"(Fa,/Fa,) =F" | |F ® +¥w) | /¥ (47}

i

0.0 Ok )

where a,,a,, anday, are the autocorrelation of x,y, and h respectively, given by

K
(adx =Y % . [=—-K,--—10]1,.. K (48)
fez==0)

(61207 Morcover, ¥ denotes the onitary 2N — 1 X 2N — 1 Fourier matrix. The notation e refers
to element-wise multiplication and / to element-wise division. Note, W is colored noise. This
approach can also be used for other autocorrelations as long as the Fourier matrix of their antocor-

relations is non-vanishing.

Semi-Definite-Program (SDP) via Channel Covariance
[6121] Using the linear measurement map 4 on N x N — C¥ 4 provides the following mea-

surements

a/\'
&y
b= A(z2’) = | (49)
y
Yo

(a2
o
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indX >0 st A4(X)=b (30

\

has then a unique solution Z. Obtaining by an SVD the best rank—1 approximation 2 yields to the

estimation of the channel h and signal % up to a global phase ¢/%.

Wirtinger-flow Process via Channel Covariance

[6122] The equivalent non-convex optimization problem is given by minimizing

F(z) = | A(zz") - b]3. (51)

over all z € CV. The Wirtinger derivative can be derived as follows,

= (2 @ Iy)A" (A vec(zz®) —b),

where @ is the Kronccker matrix product. The matrix A is the matrix version of the lincar map 4.
[0123] Then the problem (51) can be solved by a gradient decent algorithm shown in Fig. §
and a backtracking line search algorithm shown in Fig. 6. The parameters A ¢,Mo, B are chosen
manually.

[3124] If the transmitted data is decoded by the BiZeT decoder or any other proposed decoder,
an estimate of the transmitted signal & can be obtained by the receiver with the knowledge of the
encoder f, which then can be used to estimate the channel h for example by a frequency-domain-

equalization as

N\

h=P, | F | Fy/F| (52)
v x
AN .

where Py projects on the first L coefficients. Note, that X € ¥ and has therefore no zeros on the
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wnit circle such that the discrete Fourier transform F of the zero padded vector X has full support.
For a fixed £, the estimation quality will increase if K increases. If L > K then no zero-padding of

£ is necessary.

Hybrid MOZ/OFDM Systems

(0125]  In a oumber of embodiments, MOZ schemes are utilized by hybrid systems in which
an initial communication is exchanged between a transmitter and a recetver using a MOZ scheme.
From the initial communication, the receiver and the transmitter (if duplex communication is used)
can determine the characteristics of the channel (reciprocity in duplex mode) and this channel char-
acteristic can then be utilized to transition to coherent OFDM or other modulation methods which
are more suitable and efficient for longer-packet transmissions. Stated another way, the communi-
cation system utilizes a MOZ scheme to perform an initial bootstrap and, once the communication
systern has determined a channel model, the transmitter and receiver can switch over to an OFDM
communication scheme. Here, the channel leaming period can be much shorter than in classical
OFDM systerns, see (52), whereby at the same time digital data can be commuanicated between
transmitter and receiver in a duplex communication mode.

[¢126] Althongh a variety of channel estimation techniques are described above, it should be
readily appreciated that communication systems that atilize MOY. schemes in accordance with var-
ious embodiments of the invention are by no means limited to particular decoder implementation
and/or channel estimation techniques. Systems and methods that are suitable for the transmission
and decoding of a variety of higher order MOY, schemes in accordance with several embodiments

of the invention are discussed below.

Higher Order Modulations for MOCZ
{01277  As noted above, higher order modulation schemes can be constructed for MOCY. for

M > 1, by combining Huffman codebooks. The following discussion presents two 2M —ary MOCZ

52
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schemes that are implemented by quantizing the radius or the phase positions in gach of the X
sectors, which can be seen as combining rotated or scaled Huffman zero-codebooks. Hence, the

number of transmitted zeros and, therefore, the block length K + 1 will not change.

M—Phase MOCZ
[6128] A Huffman zero-codebook is defined by X uniform phase positions, where for each

phase either the zero inside or outside the unit circle is selected. By quantizing the k—th sector &

. . o Onik—1) 1 - sy .
uniformly in M phase positions =t - ZM’;{? for m € [M], an additional log M bits can be decoded

per zero. The encoding rule is then given for a block message m of length K, where my, = [cf, by |
is a binary word of length log2M, where the first bit ¢4 15 separated from the other log M bits in by.

The first bit is encoded on the radius and the other log M bits on the phase:

O a0 i W i
my > O = Rk I8 iHE L k=1, K (

’

LA
(OS]
N

See Fig. 7 for a schematic illustration in which the encoding of a first bit on the radius is indicated
by blue circles, and the encoding of an additional log M bits is shown as phase slices from 1, ...,
M. The location of the zeros of the received signal are indicated by red squares. Note, bit splitting
is utilized, since a mismatch of inside or outside the unit circle, will only affect the first bit and not
the phase bits. Although, the polynomial coetlicients will not have a perlect antocorrelation matrix
KX = Ig. for K < L the DiZeT decoder can still be utilized to decide for the 2M zero positions

of the kth zero-symbol

1 T Neliorpet it My » S "
=5+ 3 sign(RYHY (R 1e/™® ), by =De2Bi(dy) (54)

. - . . , g e DM Am N Tinrs o1 o FmUMtay \ .
with rfy == argming, -y { min{|Y(Re/™ xRV Y (R e/ | }} and De2Bi denotes

the decimal-to-binary map. Here, the assumption is made again that the 4th symbol decision is in-

dependent of the other K — 1 symbols. In Fig. 8, the BER performance for M = 1,2,4 overreceived
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Ey /Ny is plotted. Since on each circle there are MK uniformly spaced zero-positions, the radius

in (66) is adapted to R = /1 (log# — 0.3)sin(n/(MK)). As can readily be appreciated, BER
performance can be improved through use of an error correcting outer code. In many embodi-
ments, the code could be designed to provide greater error correction with respect to the phase
bits. The specific outer code that is utilized is largely dependent upon the requirements of a given

application.

M~—Phase MOZ

(6129} If modulation on conjugate-reciprocal pairs is omitted by setting R = 1, one bit of infor-
mation is lost per zero-symbol and the modulation scheme becomes an M —ary Phase Modulation
on Zeros (PMOZ). The encoder and decoder are the same by omitting ¢; and setting R = 1. The
BER performance is a little bit better than M —PMOCZ but worse than (M — 1)—PMOCZ, which

has the same bit-rate as M —PMOZ, sec Fig. 8.

M—Radius MOCY

[013¢] Analogously. each zero-symbol over M radii can be gquantized to obtain an M —Radius

Modulation on Conjugated Zeros (RMOCY) scheme. M radii can be chosen as 1 < Ry < Ry <
- << Rpyp-1. Encoding can be performed as for a M—-PMOCZ a message word m of K binary

words my, cach of log 2M bits my, = [¢y, by | to

logM
120 amist . i1 .
iy — Ol = R;Z,,& e 21: , g = E bkﬂ’ . (55)
=1
[0131] For decoding. the splitting decoder can be utilized
i omkoty g - =
Cp ==+ = sagn’R?" 1 YR, Lpimty! 1 Y(Ra 2" X)), by = De2Bi(iy) {(56)

2 2

with iy = argming,c i | 4 min{Y(Rpe/” ot )

LR Uy (R er?‘i"zf';t}}
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[6132] While a variety of higher order MOZ modulation schemes are described above, any
of a variety of higher order MGZ schemes can be utilized as appropriate to the requirements of
given applications including higher order MOZ schemes in which the phase and/or radii can be
unevenly quantized based upon a variety of factors incloding (but not limited to) any of a number
of appropriate capacity measures. The robuastness of various MOZ schemes described above s
discussed below.

161331  VFor higher order moduolations various bit mappings to the zero consiellation poiuts are
possible, which can depend on the channel zero distribution, the noise distribution, as well as the
constellation sets of the zero-codebook 2. For M-ary PMOCZ, a Gray labeling/coding can be used
to encode the bits between the even spaced M conjugate-reciprocal zero pairs in the kth zero sector
depcitured in Fig. 7. Such a Gray labeling ensures that the next neighbor zeros only differ by one
bit position, which is useful if the channel and noise zeros are uniformly distributed in an annulus
around the unit circle.

[6134] 1t is also possible to exploit list-decoding and other soft-threshold decisions by using
multiple received signals of the same transmit signal or by using error detection and error correcting
codes. An ervor can be easily identified if for the kth transmitted zero two zeros are close to two

different zero positions in 2.

Continuity and Robusiness of Zeros Against Small Perturbations

{0135] Therobustness of various modulation schemes and decoder implementations based upon
the characteristics of the channel and non-linearities within the communication system are now
considered. Due to the nonlinear nature of the MOZ modulation, finding tight analytic expressions
for the BER of MOZ and MOCZ, for the various decoders that can be imnplemented in accordance
with certain embodiments of the invention can be challenging. To gain some insight into the prob-
lem, the stability of the single root-neighborhoods of each transmitted zero when the coefficient of

the received polynomial are perturbed by additive noise is considered.
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[3136] MOZ constitutes a new modulation scheme on the signal zeros that can be decoded using
general decoders as well as a simple DiZeT decoder. For comimunication systems and methods in
accordance with various embodiments of the invention to provide a robust recovery, and hence a
reliable communication, zero-codebooks should be chosen in such a way that the patterns remain
identifiable at the receiver in the presence of additive noise perturbing the polynomnal coefficients.
Since the mapping between the coefficients and zeros is highly non-linear, studying such robust-
ness requires a delicate analysis. It can be shown, by polynomial perturbation analysis, that indeed
zero-patterns exists which remain stable against additive noise.

[81371  An analysis of the robustness of a codebook can be performed by considering the Eo-
clidean norm and how much the zeros will be disturbed if the coefficients are perturbed with any
w € CY having ||w||, < € for some & > 0. The answer can be given in terms of the root neighbor-

hood or pseudozero set

-
W
-3

S

of the polynomial X(z) for a coefficient perturbation with ||w|l, <e. Whene =0, Z(0,X) is simply
the set of N zeros of X(z) (assuming the zeros are distinct). As € increases Z(e, X) starts off as the
union of NV disjoint sets representing the neighborhood sets of the N distorted zeros of X(z). As ¢
1s further increased at some point the N single root neighborhood sets start to intersect each other,
at which point additive perturbations to the coefficients of the polynomial result in a confusion
of the zeros and in a possible error by the RFMD decoder (16). In Fig. 9, a plot is provided for
a fixed polynomial with N = K = 6 Huffman zeros (black squares) and L — 1 = 3 channel zeros
(red squares), and the distorted 7eros obtained due to distortions by Gaussian random vectors with
different noise powers from —22dB to —5dB. The additional channel zeros have ounly little impact
on the root neighborhoods of the Huffman zeros. However, they can have a heavy impact on the

zero separation (decoding), if they get close to the zero-codebook. Since the distribution of the
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channel zeros is random, only the perturbation analysis of a given polynomial X{z) is considered.
[6138] To derive such a quantized result, Rouché’s Theorem can be exploited to bound the single
root neighborhoods by discs. Specifically, Rouché’s Theorem directs that by setting X(z) and W{z)
to be analytic functions in the interior to a simple closed Jordan curve C and continuouns on C. If

W{(z)| < iX(z)l, zeC,

’

(58)

then Y(z) = X{z) + W{z) has the same number of zeros interior to C as docs X{z).

[0139] The Theorem allows one to prove that the zeros o, (x) of a given polynomial is a con-
tinuous function of its coefficients x. However, to obtain an explicit robustness result for the zeros
of a given polynomial with coefficicnts X, a quantized version of the continuity is beneficial, i.e.,
a local Lipschitz bound of the zero functions with respect to the £ /¢» norm in a €—-neighborhood
of x. As simple closed Jordan curves, the Huclidean circle and the disc can be considered as its
interior, which will contain the single root neighborhoods. Define for o, € C the closed Fuclidean

ball (disc) of radius & > 0 and its boundary as

Bo(8) =B, cty) = {2€C| lz—0 <8} , Cu(8)={z€C||z—al=8}. (59

[0146] The arbitrary polynomial X(z) = X’Q;(}xnz’l of degree N > 1 can then be considered.
If the coefficients are disturbed by w & B(g,x), the maximal perturbation of the zeros should be

bounded by

(60)

where the bound & = 8(e, x} > O s the local Lipschitz constant. I wy = —xy, the leading coefficient
of the perturbed polynomial will vanish, and oy (x+ w) can be set to 0, since the degree of the

perturbed polynomial will reduce to N — 1.
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[6141] A maximal noise power bound can be proven for a given local Lipschitz bound of a
certain class of polynomials. The proof relies on the assumption that one zero is outside the unit
circle. This is not much of a restriction, since all but one of the 2" Huffiman polynomials have this

property.

Theorem 1. Ler X(z) € Cz] be a polynomial of degree N > 1 with coefficient vector ||x|, = 1 and
simple zeros 0y, .., 0y C C inside a disc of radius R = argmax, |0, > 1 with minimal pairwise

o, — 0l > 0. Let w € CV with [jw]

distance dpygy 1= min,z;

/

the polynomial coefficients and 8 € [0,din/2). Then the nth zero §, of Y(z) = X(z) + W(z) lies in

B,(8) if

o bXNa(\drnm . 5)/\/,,7]

~ VIFNR+EN

£ = ¢g(x,9)

y

(61)

(61427 The minimal pairwise distance of the zeros is also called the zero separation. The number

OIS 6 i /2) el{lxy, R, N, dmin, ) will determine an upper bound on the noise power for the worst

"J*“n /

o~y

7, drin = 0.5 over & is shown in Fig. 12. By controlling the modulus of the noise polynomial
W{z)| < IX(2)| forz € C,(8) one can predict with Rouche’s Theorem for 8 < diin /2, that the zero
Cm of the perturbed polynomial will remain the only zero in the neighborhood B,(8). If this holds
for all N zeros, then each zero will be distorted by less than 8 for a perturbation by w.

[6143] Since it is desirable for this to hold for every perturbation |wi|, <e, ideally the following

condition is satisfied

max  max  max W)/ X(z)]F < 1. (62)
[wil,<em=1,..NzeCn(8) =~

[6144] Note, that X(z} has no zcros on [T, (8). hence division can be performed. Defining
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(Yt 2T, where OV is set to 1. An upper bound on the magnitude of W(z) can be

obtained by using Cauchy-Schwarz

N
1= Y e (63)

n={)

(W(z)? = w'z* < w3

il %

[3145] Since the noise w is in a ball with radius €, all directions can be chosen and equality will

be achieved in (63). Hence, (62) is equivalent to

2 1 . [ X(z2))”
g < FE N min o
B lz* Mool (6)

MaXy, MAXc,, (5) i£(7\|2 (&)

RS

minmin f,,(0) (64)
4] 8 ’

where the parametrization z = 0, + 8¢ for some 6 € [0,27) is used and defined

X ({X,,; + 6619) ? i2 Hii

E e B 65
Xn ;Ocm -+ be’lgizﬁ ( |

[6146] A scarch for a uniform radius & which keeps all root neighborhoods disjoint can be per-
formed by searching for the worst ;. The only available information of the zeros is the minimal
pairwise distance dy, and the largest moduli R > 1. By upper bounding the denominator with
VAR+8)7 < (1+N)R+8)™ and lower bounding the nomerator with [, |10, — 0| — 87 the

following expression is obtained

S dmin — 5“"71 e
- ] / N\

£ < |xy < mmmm (8) ]
< |an ,1 MR 5}\/ < \/}‘r

[6147] Unfortunately, the bound (61) does not increases with 8 for fixed [y |, N, R and dpp, see
Fig. 12. By the continuity of the zeros this behavior is very unlikely and hence might be due to the
worst case lower bound estimation in (61).

{68487 The observation can be made that as for general code constructions, only a finite number

of good zero-pattern or codes are necessary to enable a reliable communication. The above theo-
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rem sheds some light on how to construct good zero patterns.
{61497 As can be seen from Fig. 12, a maximal zero separation provides good robustness. Since

.
-

the maximal zero-separation of X(z) is bounded from above by the maximal moduli R = [Opex| >

dmin/2 an increase of dy;, typically requires an increase of R. Setting [Omeax| = fdmin/2 for some

X

N. Hence this suggests io place zeros at the boandary of the ball to ensure the maximal possi-
ble dpn and hence ¢ close to 1. However, an increase of R means also a decrease of the leading

coefficient, since it holds that {0tya] < 1+ maxgoy bxg /oyl If X is normalized, the result yields

fn - P | b oince ey 1~ 1 Honea if 2 -
Ogax | < 1+ [y

and therefore [xv] < (|Qmax| — 1)
increases, the leading coefficient has to decrease and € decreases rapidly for ¢ = 1. Therefore an
arbitrary increasing of the radius seems not to be the solution.

[6150] Since zeros of Huffman polynomials are placed on vertices of two regular polygons, they
explore a large zero scparation. Evaluating numericaily the minimization problem for Huffman
polynomials with fixed radius, by quantizing (65) with 1000 random error vectors, results in good
noisc bounds 1/¢, as plotted in Fig. 13, which also suggests a better analytic bound for Huffman
polynomials.

[015%]  In the case in which the zeros are bound on the unit circle (R = 1), very good noise sta-
bility is obtained, as can be seen in Fig. 11A. It is known, that a polynomial with 1.1.d. Gaussian
distributed coefficients has zeros concentrated around the unit circle and is called a Kac polyno-
mial. I the degree NV goes to infinity, all zeros will be uniformly distributed on the unit circle with
probability one. In fact, this even holds for other random polynomials with non Gaussian distribu-
tions. This is an important observation, since it implies for fixed K and hence R, that an increase of
L will concentrate channel zeros on the unit circle, such that for sufficiently large K channel zeros
will not interfere with codebook zeros.

[6152] The analysis of the stability radius for a certain zero-codebook and noise power, allows

in principle an ervor detection for the RFMD decoder. Here, an error for the {th zero can only
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occur if the noise power is larger than the RHS of (61). However, in the presence of multipaths,
the dimension N and xy —+ xx#z1 can be adopted under the assumption that the absolute values
of the zeros of H(z) are not larger than R. The minimal distance might be fulfilled with a certain

probability.

Radius for Huffman BMOCZ Allowing Maximal Zero Separation

{01831 The preceding zero perturbation apalysis and the numerical simulations in Figs. 1A
- 11C for polynomials with zeros near the unit circle, show a zero distortion depending in first
order linearly from the average coefficient perturbation and suggest therefore a quantization in de-
coding sets Dy with respect to the Euclidean distance. To prevent a confusion of a zero with its
conjugate-reciprocal and their next-neighbor pairs, their Euclidean distances should be maximized,
i.c., should be set equal dop = (R— R 1)/2 = R sin(n/K) = dy, yielding to zero-patterns with
maximal zero separation dpin. see Fig. 10. However, simulations of perturbed Huffman polyno-
mials in Figs. 11A - 11C show a stronger phase distortion than radial distortion. To adjust the

trade-off between radial and phase distance A < 1 is introduced as a weight parameter

Mep=dny = MR —1)=2sin{n/K) = Ru(K,A)=+/1+2hsin(x/K). (66

[0154] Finding the optimal radius and hence the optimal Voronoi cells Dy, 1s in fact a quantiza-
tion problem. Note, that the zeros for Huffman BMOCYZ are not the centroids of the Voronoi cells,
which snggest a much more complex metric for an optimal guantizer. From simulation of the BER
performance and the noise perturbation in Figs. 11A - 11C it can be observed that A ~ 1/2. It can

/

also be seen from (22), that for A = 1/2 the first and last coefficients carry half of the energy. Note,

that the positive zero ¢ has a conic distortion. Simuiation showed that the cone direction depends

on the placement of the other N — 1 zeros and on the number of zeros N. Hence, for uniform
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distributed messages the distortion for oy will appear also circular.

PAPR for Huffman Sequences
[¢155] From (22) the magnitudes of the first and last coefficients can be obtained (1 +i€\"i"2"‘r)*'1
where the maximum is attained if m € {§,1}, i.c., the all zero or all one bit message. By noting

that their magnitude (22) exploits a symmetry for 2 |mi|, and K — 2 {|m}} |, an average need only be

performed for uniform bit distributions over |mi|; € {0,...,K/2} (assuming & even), which gets

17 X
o2 2 Loyt /A/g_) Com [ 1R i
[-[HXHW] - RA‘K ,+, 1 Z R e = R,ZK + ‘i E ( y R "= 1 RZK ,+, 1 )

[6156] Since the Huffman sequences have all unit energy, the peak-to-average-power ratio

(PAPR) is for the optimal radius R = Ry (K, 1) in (66) for large K

0 Elx|2  (K+D{(1+R1)/2)%72 K41
PAPR = (K +4 1) =t = 2 e | ' 6N
e Elix|3 R 41 (1+2m/K)¥ +1

{61871 Upper bounding by #

5= 2 K /9 shows a well-known behavior for multi-carrier systens,

Numerical Simulations

[6138] Following the standard definition of SNR

SNR average received signal energy per symbol time
i‘\ i :::::

- : {68)
average noise encrgy per symbol time

A simulation was performed with MatLab 2017a of the bit-error-rate (BER) over average re-
ceived SNR (3) and fransmit energv/bit/noise-power Ep /Ny for L independent Rayleigh fading
paths with p = 1/L in (2) and fixed transmission length N = K + L for all signaling schemes.
Note, for BMOCY, PPM, and Pilot-(3PSK, we add a zero-guard interval of length L — 1 o sep-

arate consecutive blocks, which is needed to enable multiple users or multiple transmissions. In

h
~
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E[||xR|*]/N = £/N = 1 (noise-free) will be normalized and equal to the average transmit power.

Hence, the SNR = 1 /Ny and the transmit energy per bit £, = N/B = R;l is given as the inverse of
the bif rate R, = B/N per sampling time 7, such that £ /Ny = SNR/R;. In cach simulation run, we
draw a channel and noise realization by (2) and a uniformly binary message of length B for which
we determined the number of bit errors. Averaging the resulting bit errors over all simulation ruos
obtain the uncoded BER over an averaged SNR respectively £y /No.

[G159]  As a benchmark, reference is made to the ideal coherent case, where an assumption is
made of only one line-of-sight path (LOS) resulting in a flat-fading channel, using binary phase
shift keying (BPSK) to modulate uncoded data. Assuming knowledge of the channel phases at
the receiver, coherent BPSK demodulation can be performed. As an equivalent, a cyclic pre-
fix of length L can be added to exploit K + 1 independent Rayleigh flat-fading channels in the
frequency domain, where the frequency-symbols are modulated by BPSK and the power and de-
lay overhead of the cyclic prefix is ignored. If L <« K this is a valid approximation that can be
used in the classical OFDM approach, where long data packets are transmitted over time-invariant

channels. The theoretical bit ervor probability (bit per symbol duration) for BPSK is known as

P = (1 /SNR/(1 1 19NR)) /2.

)
[6160]  Since the tSNR is equal to Ep /Ny = Ep EEHhe;)Ez}/ Ny the BPSK curves are the same over
rSNR and F, /Ny, pictured as thick red curves in Figs. 14A and 14B and Fig. 8. BPSK modulation
over a coherent flat fading channel can be seen as the optimal binary signaling performance if no
channel state information is available at the transmitter or the receiver and no outer codes are used.
Schemes above this line suffer from multipath and schemes below benefit from it.

[0161] A comparison between MOZ modulation schemes and noncoherent frequency-selective
fading channels can be performed using sirnulations involving only one packet (block) in a spo-
radic pulse-like communication. The following discussion provides a comparison of MOZ to train-

ing, orthogonal, and so called self-coberent OFDM schemes. By using the same signal lengths
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for all schemes, plots were generated for a fixed target BER rate of 0.1 the corresponding £;,/Ny
over different channel lengths L in Fig. 15. Each data point is averaged over > 10 different

bit/channel/noise realizations. In all simulations, p = 1 was used.

Comparison to Blind Schemes
[6162] The following presents a comparison between a MOZ scheme and a blind scheime, which
will not estimate the channel, but directly decodes the data from the received signal. However,

knowledge of the CIR length is required at the receiver and for OFDM also at the transmitter.

Noncoherent PPM with ML Decoder

[0163] The simplest noncoherent modulation scheme for multipath channels, is given by o
thogonal signaling, where the transmitted discrete-time signals of the codebook % are mutually
orthogonal. For the purpose of comparison a codebook is chosen in time-domain that is the Bu-

clidean basis % = {8y,...,8g} C CXTL. The encoding of D = [log(K 4 1)| bits m is given by a

D1
x=8 with k=% mg2” " (69)
d=0

[3164] If p; = const. for all L taps, the channel covariance matrix is a multiple of the identity
i2

and the ML decoder in (33) simplifies {0 X = argmaxgey (X*X) -1/ ZX*y: which reduces to the

"2

square-law detector k = arg MaXpcy }:f‘:’ 01 vz 4 |? since X*X = I;. Although, orthogonal schemes

indeed PPM (green curves) outperform BMOCZ (blue curves) in BER performance, but suffers
much more from long CIRs than BMOCY. For K =7 and L = 64, BMOCZ is by 1dB better than

PPM, by simaltaneously transmitting double the number of bits in the same time. For K = 31 and
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higher than PPM (green curve, dot markers).

[6165] I thereceiver has knowledge of instantaneous path gains (amplitude) or the PDP, an “op-
timal” path combiner can be exploited to obtain a better BER performance. Since MOZ schemes
are fully blind. assuming knowledge of PDP is not a fair comparison.

101661 Another disadvantage of PPM, is the need for a perfect synchronization between trans-
mitter and receiver to identity the correct time-lags, a requirement which needs {urther resonrces.
The time and frequency syonchrouizations can be handled very well for Huffroan BMOCY by using

only a small fraction of bits to encode the payload in a rotation invariant code.

Noncoherent QFDM with IM

[0167] Index-Modulation (IM) technigues are one of the most recent and promising develop-
ments in wireless communication for 5G applications. The following discussion concentrates on
a subcarrier {(frequency) index-modulation which selects @ active carries out of K 4 1. For non-
coherent OFDM-IM, as proposed in Choi, J., 2018. Noncoherent OFDM-IM and s performance
analysis. IEEE Transactions on Wireless Communications, 17(1), pp.352-360, the relevaut disclo-
sare from which is incorporated by reference herein in its entirety, the receiver will only detect the

energies on each subcarrier and pick the 2 largest (active) ones.

[0168] The active subcarrier combinations define a set of index sets {{,...,Jy} C [K+ 1], which

can be sorted in a lexicographically order to map it in an efficient manner to bits.For @ > 1 this

yields to a codebook of size M = (Ké j‘) and allows one to transmit D = |logM | bits per signal

block.

[616%] By using factorial bounds, the largest codebook size for @ = (K + 1)/2 can be bounded

to M= (K1), < [2K 7o “/(KH)/Q_E which obtains for K > 1 less than K — 1 bits and therefore

less than the proposed MOZ schemes. However, to enable OFDM a cyclic prefix (CP) of length

X = {Sg_(1-2)--,5K,8) € CY. This requires a data signal length K + 1 of at least the channel

~)?

5
<



WO 2019/148139 PCT/US2019/015480

length L, otherwise, the transmitted signal cannot be complemented with a CP and the channel ac-
tion can not be written as a circular convolution. The circular convolution is then represented in the
frequency domain by the FFT as a pointwise multiplication of K + 1 independent flat-fading chan-
nels with the OFDM symbol d = Fs € CX!. To make a fair comparison to the BMOCZ scheme,

the CP power 1s included in the transmit power. This reduces the effective power of x by a factor of

up to two, if K ~ L. Recall that ]||s k| f] = lisf)2- 1%, see (3), and therefore £f||h

forced by dividing with the expected energy given by the PDP (4). However, the receiver will only

pse from the N + L — 1 received samples K+ 1, ie. ¥= (v 1, ov ), W= (wp g, ..., Whop) ), tO
reveal the K - 1 point circular convolution:
h - h . h
F=5& +% = Y=Fis® +W | =diag(d)F +Fw.
(USREN) Jgriz Or iz
(7

set £, defines K + 1 — O zeros {e"'ﬂf?"‘lf’/‘ig'”} ] e K411\ Im} of the data polynomial S,,(z) =

Z{Ki:() spZ" since 0 =d; = ¥ c;ﬁ(fﬂ, with O, = iKY for ] € [K + 1]\ 4. Hence, the mth
OFDM-IM symbol s,, generates a polynomial with K + 1 — |7, zcros on the unit circle. If 0 =
I then x generates @ polynomial of order K with K zeros uniformly spaced on the unit circle
with spacing 2n/(K + 1), i.e. form the K + 1 uniform positions on the unit circle we select X
many. Hence, OFDM-IM can be seen as a special MOZ design defining K different zero-patterns
ay,...,0x C CX by choosing K out of K + 1 uniform placed zero positions on the unit circle.

Since the various BMOCY schemes described herein are not restricted to the unit circle a BMOCZ

codebook size can be much larger. Let us note here, that this special case is only possible if K > L.

L <8, it can be seen that indeed BMOCZ outperforms OFDM-IM. Furthermore, the performance

I
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of OFDM-IM decreases if J or L increases.

Comparison to Training Schemes

[6176] The most common approach in wireless communication, is fo learn the CIR by placing
known training or pilot data in the transmitted signals. Training is very efficient at high SNR and if
the learned channel is used many times or equivalent if the signal fength is much larger as the CIR.
In a sporadic short-packet setup, this is typically not the case, and it can be shown that the overhead
reduces the reliable throughput and prevents at a certain packet length a reliable communication at
all.

[0171]  As a simple pilot signaling scheme x = [§|,d] can be separated into a delta pilot §; € CF
of length P and a data signal d € CP=¥~% on the remaining taps to encode 2D bits per packet
with QPSK modulation by allocating the available transmit power equally between pilot and data
signals. Depending on the SNR and signal length it might be more beneficial to allocate more or
less power to the pilots. But since the transmitter does not know the channel state or the SNR, the
following discussion considers a blind allocation. The CIR estimation b is simply given by the first
L received samples, assaming a perfect time synchronization and p = 1. By using a Frequency-
Domain-Egualization (FDE) recetver in the frequency domain, the estimated data is obtained by

yL VA ~ N

d=Fy|{Fyv| /FN@,&L) = d={dp,....dp 1)". (71

which can be decoded by hard-thresholding of real and imaginary part.

o1 . . 11 . o
Ay = 3 5 sign{Re(dy)) , My = 5 3 sign(Im{dy)) , ke (D] (72)
(61721  To encode with enough pilots, knowledge of the maximal CIR length at the transmitter

is typically required. If the pilot signal is too short (P < L), it is impossible to estimate exactly the

i
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channel, even in the noiseless case. As can be seen in Fig. 15 a scenario, where the transmitter

data symbols (32 bits), where the receiver knows the true CIR length and will consider all N =
P+ D+ L—1 taps. Here, the target BER= 0.1 can not be achieved if the true channel length at the
transmitter is underestimated (pictured by vertical lines), whereas BMOCY only suffers slightly

from an increased CIR length.

Multiple Receive Antennas

[6173] While the discussion and simulations described above have largely considered the case of
a single transmitter and a single transmitter. Communications that include MOZ schemes can in-
corporate multiple transmitiers and/or multiple receivers in accordance with various embodiments
of the invention. If the receiver has M antennas, receive antenna diversity can be exploited, since
each antenna will receive the MOCZ symbol over an independent channel realization (best case).
(01741  Due to the short wavelength in the mmWave band large antenna arrays can be easily
installed on small devices. The DiZeT decoder and channel estimation techniques described above
can be implemented in a straight forward single-inpui-multiple-output SIMO antenna system. A
number of simulations of such a SIMGO system are presented below and it is assamed in these

simulations that:
¢ The & information bits m € [F‘; are drawn uniformly.

= All signals arrive with the same timing-offsct 7o at the M receive antennas. (dense antenna

array, fixed relative antenna positions (no movements))
¢ The maximal CIR length L, sparsity level 8, and PDP p are the same for all antennas.

» Hach received signal experience an independent noise and channel realization, with random

h
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(61751  Although the present invention has been described in certain specific aspects, many ad-
ditional modifications and variations would be apparent to those skilled in the art. It 1s therefore
to be understood that the present invention can be practiced otherwise than specifically described
including communication systems that are SISO, SIMO, MIMQ, massively MIMO, and/or that
employ binary MOZ, binary MOCZ, M-ary MOZ, and/or M-ary MOCZ. Thus, embodiments of
the present invention should be considered in all respects as illustrative and not restrictive. Ac-
cordingly, the scope of the invention should be determined not by the embodiments illustrated, but

by the appended claims and their equivalents.

h
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Claims

1. A communication system, comprising: a transmitter configured to transmit a continuous-time
signal, comprising: a modulator configured to modulate a plurality of information bits to obtain a
discrete-time baseband signal, where the plurality of information bits are encoded in a plurality
of zeros of the z-transform of the discrete-time baseband signal and at least one of the zeros has a
radius that is not equal to one; and a signal generator configured to generate the continuous-time
signal based upon the discrete-time baseband signal; a receiver, comprising: a demodulator
configured to sample a received continuous-time signal at a given sampling rate; a decoder
configured to decode a plurality of decoded information bits from the samples of the received
signal by: determining a plurality of zeros of a z-transform of a received discrete-time baseband
signal based upon samples from the received continuous-time signal; identifying zeros from the
plurality of zeros that encode information bits including at least one zero that has a radius that is
not equal to one; and outputting the plurality of decoded information bits based upon the
identified zeros.

2. The communication system of claim 1, wherein the plurality of zeros of the z-transform of the
received discrete-time baseband signal comprises a plurality of zeros that encode information
bits and at least one zero introduced by multipath propagation of the transmitted signal.

3. The communication system of claim 1, wherein the z-transform of the discrete-time baseband
signal comprises a zero for each of a plurality of encoded bits.

4. The communication system of claim 3, wherein each zero in the z-transform of the discrete-
time baseband signal is limited to being one of a set of conjugate-reciprocal pairs of zeros.

5. The communication system of claim 4, wherein: each conjugate reciprocal pair of zeros in the
set of conjugate-reciprocal pairs of zeros comprises: an outer zero having a first radius that is
greater than one; an inner zero having a radius that is the reciprocal of the first radius; and where
the inner and outer zero have phases that are the same phase; the radii of the outer zeros in each
pair of zeros in the set of conjugate-reciprocal pairs of zeros are the same; and the phases of the
outer zeros in each pair of zeros in the set of conjugate-reciprocal pairs of zeros are evenly
spaced over one complete revolution.

6. The communication system of claim 4, wherein the discrete-time baseband signal is a
Huffman sequence.

7. The communication system of claim 1, wherein at least one of the zeros of the z-transform of
the discrete-time baseband signal encodes a plurality of information bits.

8. The communication system of claim 7, wherein the at least one zero in the z-transform of the

discrete-time baseband signal that encodes a plurality of information bits is limited to being a
zero from a set of more than two zeros.

55



9. The communication system of claim 7, wherein the at least one zero in the z-transform of the
discrete-time baseband signal that encodes a plurality of encoded bits is limited to being a zero
from a set of multiple conjugate-reciprocal pairs of zeros.

10. The communication system of claim 9, wherein each conjugate-reciprocal pair of zeros in the
set of multiple conjugate-reciprocal pairs of zeros have phases that are distinct from the other
conjugate-reciprocal pair of zeros in the set of multiple conjugate-reciprocal pairs of zeros.

11. The communication system of claim 9, where each zero in the set of multiple conjugate-
reciprocal pairs of zeros have the same phase.

12. The communication system of claim 11, wherein the decoder determines the most likely set
of zeros for the z-transform of the discrete-time baseband signal used to generate the transmitted
signal using an autocorrelation codebook.

13. The communication system of claim 12, wherein the decoder performs the weighted
comparison using an inverse discrete Fourier transform of delayed and weighted samples of the
received continuous-time signal.

14. The communication system of claim 1, wherein the decoder is configured to determine the
most likely set of zeros for the z-transform of the discrete-time baseband signal used to generate
the transmitted signal based upon the samples of the received continuous-time signal.

15. The communication system of claim 1, wherein the decoder determines the decoded
information bits by performing a weighted comparison of samples of the z-transform of the
received discrete-time baseband signal with each zero in a set of zeros.

16. The communication system of claim 15, wherein each zero in the z-transform of the discrete-
time baseband signal used to generate the transmitted signal is limited to being one of a set of
conjugate-reciprocal pairs of zeros.

17. The communication system of claim 16, wherein the decoder is configured to separate zeros
of the received signal that encode information bits and zeros of the received signal introduced by
multipath propagation of the transmitted signal by selecting a predetermined number of the zeros
of the received signal based upon the distance between each zero in the received signal and a
corresponding closest zero in the set of possible zeros.

18. The communication system of claim 15, wherein each zero in the z-transform of the discrete-
time baseband signal used to generate the transmitted signal is limited to being one of a
conjugate-reciprocal pairs of zeros.

19. The communication system of claim 1, wherein the decoder is configured to determine zeros
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that encode information bits by identifying zeros from a set of possible zeros that are closest to
the zeros of the received signal determined based upon a given distance measure.

20. The communication system of claim 19, wherein the transmitter and receiver are configured
to transition to communicating using a non-blind communication scheme, wherein the non-blind
communication scheme is configured based upon the estimated channel characteristics.

21. The communication system of claim 1, wherein the receiver is configured to estimate
characteristics of a channel over which the received continuous-time signal was transmitted.

22. The communication system of claim 1, wherein the receiver comprises a plurality of receive
antennas and the decoder determines the decoded information bits based upon a plurality of
continuous-time signals received by the plurality of receive antennas.

23. The communication system of claim 1, wherein the continuous-time time transmitted signal
comprises a carrier frequency modulated based upon the discrete-time baseband signal.

24. The communication system of claim 1, wherein the demodulator comprises an analog to
digital converter.

25. The communication system of claim 1, wherein the plurality of information bits are encoded
so that at least one pole is located at the origin.

26. A communication device, comprising: a modulator configured to modulate a plurality of
information bits to obtain a discrete-time baseband signal, where the plurality of information bits
are encoded in a plurality of zeros of the z-transform of the discrete-time baseband signal and at
least one of the zeros has a radius that is not equal to one; and a signal generator configured to
generate a continuous-time signal based upon the discrete-time baseband signal; and a
transmitter configured to transmit the continuous-time signal.

27. The communication system of claim 26, wherein the continuous-time transmitted signal
comprises a carrier frequency modulated signal based upon the discrete-time baseband signal.

28. The communication device of claim 26, wherein the plurality of information bits are encoded
so that at least one pole is located at the origin.

29. A receiver, comprising: a demodulator comprising an analog to digital converter configured
to sample a continuous-time received signal; a decoder configured to decode a plurality of bits of
information based upon the samples of the continuous-time received signal by: determining a
plurality of zeros of a z-transform of a received discrete-time baseband signal based upon
samples from the received continuous-time signal; identifying zeros from the plurality of zeros
that encode the plurality of information bits including at least one zero that has a radius that is
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not equal to one; and outputting a plurality of decoded information bits based upon the identified
zeros.
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