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ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXING (OFDM) RADIO AS RADAR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/303,234, filed Feb. 10, 2010 and incor-
porated by reference.

BACKGROUND

The present disclosure generally relates to radar surveil-
lance systems for detection and imaging of concealed indi-
viduals and objects and, more particularly, to adapting radio
communication electronics and signals developed for wire-
less personal area and wireless video area networks (WPAN
and WVAN) to ultra-wideband (UWB) radar ranging and
imaging.

Ultra-wide band (UWB) technology has come into use for
helping to satisfy an increasing demand for wireless commu-
nication at high data rates between a variety of personal
computer (PC) and consumer electronics products. The
WiMedia™ Alliance is a global nonprofit organization that
defines, certifies, and supports wireless technology that
enables multimedia data transfers at high-speed (480 mega-
bits per second (Mbps) and beyond) with low power con-
sumption in a wireless personal area network (WPAN).
WiMedia’s UWB technology offers end users wireless free-
dom and convenience in a broad range of PC and consumer
electronics products. These products include Wireless
USB™ docking stations, hard drives, projectors and laptop to
HDTV (high-definition television) audio/video extenders.
The WiMedia™ Alliance also focuses on providing specifi-
cations for streaming video applications. The WiMedia™
UWB common radio platform incorporates media access
control (MAC) layer and physical (PHY) layer specifications
based on multi-band orthogonal frequency division multi-
plexing (MB-OFDM) and operates in the 3.1 to 10.6 GHz
UWB spectrum.

Also, there has recently been increasing demand for a
wireless video area network (WVAN) for combining uncom-
pressed high-definition video, multi-channel audio, intelli-
gent format and control data, and “Hollywood”-approved
standard content protection techniques. A core technology is
based on the 60 GHz millimeter-wave frequency band, which
promotes theoretical data rates as high as 25 gigabits per
second (Gbps), permitting it to scale to higher resolutions,
color depth, and range. Among 60-GHz communication stan-
dards that use OFDM are: IEEE 802.15.3c, ECMA 387,
WiGig, and IEEE 802.11ad. The WirelessHD® Consortium
is an industry-led effort to define a worldwide standard speci-
fication for providing solutions for WVAN networking. For
end-users, elimination of cables for audio and video dramati-
cally simplifies home theater system installation and elimi-
nates the traditional need to locate source devices in the
proximity of the display. The WirelessHD® specification has
been architected and optimized for wireless display connec-
tivity, achieving in its first generation implementation high-
speed rates up to 4 Gbps at ten meters non-line-of-sight for
consumer electronics, personal computing, and portable
device products.

Like WiMedia™ UWB technology, the WirelessHD®
PHY is also based on OFDM, with an instantaneous modu-
lation bandwidth, however, that is three and half times greater
than that of the WiMedia™ OFDM system. The requirement
for high data throughput at distances of 10 meters requires a
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large allocated frequency spectrum. A large amount of spec-
trum is available on an unlicensed basis in many countries in
the 60 GHz band. In North America and Japan, a total of 7
GHz in each country is allocated for use, 5 GHz of which is
overlapping. The band 57~64 GHz is allocated in North
America while 59-66 GHz is allocated in Japan. In addition,
Korea and the European Union have allowed similar alloca-
tions. The regulating agencies allow very high effective trans-
mit power (the combination of transmitter power and antenna
gain), e.g., greater than 10 Watts (W) of effective isotropic
radiated power (EIRP). High EIRP and wide allocated band-
width can allow high throughput connections that are, how-
ever, very directional.

SUMMARY

According to one embodiment, a radar system includes an
orthogonal frequency division multiplexing (OFDM) radio
communications transmitter configured to transmit informa-
tion bits using one or more payload symbols in a transmitted
signal; and a receiver configured to: construct the payload
symbols from the information bits provided by the transmit-
ter; receive the payload symbols in the transmitted signal
reflected from a target; apply a matched filter to the received
payload symbols using the constructed payload symbols as a
template; and process a magnitude response at an output of
the matched filter for estimating location and imaging of the
target.

According to another embodiment, a method includes:
transmitting an orthogonal frequency division multiplexing
(OFDM) modulated signal comprising information bits con-
veyed by one or more payload symbols; constructing the
payload symbols from the information bits provided to a
receiver; receiving the payload symbols in the transmitted
signal reflected from a target; applying matched filtering to
the received payload symbols using the constructed payload
symbols as a template; and processing a magnitude response
at a matched filter output to produce a range estimate of the
target.

According to another embodiment, an orthogonal fre-
quency division multiplexing (OFDM) radio includes an
OFDM radio communications transmitter configured to:
transmit information bits using one or more payload symbols
in a transmitted signal; and provide the information bits from
a physical layer service access point (PHY SAP); and also
includes a receiver configured to: construct the payload sym-
bols from the information bits provided by the transmitter;
receive the payload symbols in the transmitted signal
reflected from a target; apply a matched filter to the received
payload symbols using the constructed payload symbols as a
template; and process a magnitude response at the matched
filter output for ranging and imaging of the target.

The scope of the invention is defined by the claims, which
are incorporated into this section by reference. A more com-
plete understanding of embodiments of the invention will be
afforded to those skilled in the art, as well as a realization of
additional advantages thereof, by a consideration of the fol-
lowing detailed description of one or more embodiments.
Reference will be made to the appended sheets of drawings
that will first be described briefly.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a system block diagram of an example of part of
an OFDM radio transmitter in accordance with one embodi-
ment;
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FIG. 2 is ablock diagram showing a radar system and radar
ranging operation utilizing OFDM radio in accordance with
one embodiment;

FIG. 3 is a magnitude vs. time plot for transmitted OFDM
symbols (top) and magnitude vs. frequency plot of response
of corresponding transmitted and received symbols including
target and filter response, and noise (bottom) in accordance
with one embodiment;

FIGS. 4, 5, and 6 are each a pair of magnitude vs. sample
number plots for eighteen consecutive correlated symbols
before (top) and after (bottom) integration of matched filter
output, the different figures showing an example of the effects
of different target distances and timing relationships between
signals, in accordance with one embodiment;

FIG. 7 is a system block diagram of an example of part of
an OFDM radio transmitter in accordance with another
embodiment;

FIG. 8 is ablock diagram showing a radar system and radar
ranging operation utilizing OFDM radio in accordance with
another embodiment;

FIG. 9 is atable showing a packet format for WirelessHD®
OFDM radio as radar in accordance with another embodi-
ment;

FIG. 10 is a magnitude vs. time plot for transmitted OFDM
symbols (top) and magnitude vs. frequency plot of response
of corresponding transmitted and received symbols including
target and filter response, and noise (bottom) in accordance
with another embodiment; and

FIGS. 11 and 12 are each a pair of magnitude vs. sample
number plots for eight consecutive correlated symbols before
(top) and after (bottom) integration of matched filter output,
the different figures showing an example of the effects of
different target distances and timing relationships between
signals, in accordance with another embodiment.

Embodiments and their advantages are best understood by
referring to the detailed description that follows. Like refer-
ence numerals are used to identify like elements illustrated in
one or more of the figures.

DETAILED DESCRIPTION

Embodiments of the present invention provide ultra-wide-
band (UWB) radar ranging and imaging systems using
orthogonal frequency division multiplexing (OFDM) radio
systems such as specifically commercially available WiMe-
dia™ and WirelessHD® systems-on-chip (SoC), with certain
digital baseband receiver modifications. Because such sys-
tems have been developed for the consumer electronics mar-
kets, they are generally available in volume quantities at
reasonably low price. Hence, these commercially available
OFDM transceivers can be used to implement inexpensive
high-resolution UWB radars. The 60-GHz communication
standards other than WirelessHD® all have a single carrier
transmission option in addition to using OFDM. Single car-
rier transmission may be used for lower data rates and has a
lower peak-to-average-power-ratio (PAPR) than OFDM.
Therefore, single carrier transmission may be more power
efficient (e.g., may have less power amplifier back-off). So,
single carrier transmission—usually with frequency domain
equalization (FDE)—may be suitable for portable devices
and can be used for radar applications as well.

Such inexpensive, high resolution UWB radars may be
portable and may be useful for dynamically scanning for
objects (e.g., ordnance or vehicles) behind a wall, both from
moving vehicles, on-road and off-road, and from the ground,
and to statically locate internal structural details of buildings
or other structures. Such a radar system may be useful, for
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example, to persons (e.g., fire, rescue workers, military,
police) needing information in situations involving their
safety where other sources of information are unavailable or
unreliable. Such UWB radar imaging systems also may be
valuable for surveillance to protect an inhabitable area—an
office space or living space, for example—with the detection
system located inside the space, from individuals behind a
building wall and having access to hallways or areas nearby
but outside the space. A similar but alternative scenario may
be one in which the space under surveillance is protected by
a covert detection system hidden from the space, located
outside the space behind a wall. In addition, very high fre-
quency, e.g., 60 gigahertz (GHz) or millimeter-wave, UWB
radar imaging systems may be used to identify and differen-
tiate multiple individuals, track the individuals’ motion and
display the tracking in real time, and identify objects, such as
concealed weapons or contraband, that may be carried by any
of the individuals.

An example of an embodiment for WiMedia™ radios as
UWB radar is presented followed by an example of an
embodiment for WirelessHD® radios as UWB radar ranging
and imaging systems. Calculations showing feasibility of the
various embodiments may be aided or obtained, for example,
using simulation.

FIG. 1 illustrates a transmitter portion of a radar system
100 using an OFDM radio transmitter 120 in accordance with
one embodiment. As shown in FIG. 1, radar system 100 may
include a scrambler unit 102 that receives information bits
101 as input. Information bits 101 may include or be included
in a physical layer convergence protocol (PLCP) service data
unit (PSDU) as specified, for example, by a WiMedia™ Alli-
ance physical layer (PHY) specification. A transmitter por-
tion 120 of radar system 100 may also include a convolutional
encoder/puncturer 104, bit interleaver 106, mapper 108—
which may provide, for example, quadrature phase shift key-
ing (QPSK), dual carrier mapping (DCM), or higher order
modulation—and OFDM modulator 110, with each module
providing its output to the input of the next module, as shown
in FIG. 1, with OFDM modulator 110 providing modulated
symbols 111 at its output as shown.

One embodiment using OFDM radio for UWB radar rang-
ing may be concisely summarized as applying a pulse-com-
pression (matched filtering) technique on received payload
symbols (“payload” pertaining to, e.g., symbols conveying
information other than packet headers and guard intervals, for
example) by using the transmitted payload symbols (e.g.,
symbols 111) as the matched filter template, followed by a
“pulse integration approach” to help improve the signal-to-
noise ratio (SNR). The magnitude responses of the pulse-
compressed signals, which provide high range resolution,
may be used for moving or static target detection. A signifi-
cant feature employed by one embodiment is that the infor-
mation bits 101 (e.g., PSDU data units) provided at the physi-
cal layer (PHY) service access point (SAP or PHY SAP) for
transmission is known to the “radar receiver” (e.g., modified
OFDM receiver) based on which the corresponding OFDM
symbol templates can be generated from the specific
scrambled, encoded and interleaved bits at the interleaver 106
output or OFDM modulator 110 input.

Transmitter 120 may be implemented using an application
specific integrated circuit (ASIC). In the transmitter ASIC,
the interleaver 106 output bit sequence may be inaccessible.
Based, however, on WiMedia™ specifications for the scram-
bler 102, encoder/puncturer 104, and interleaver 106, it may
be possible to generate the specific bit sequence a priori at the
output of the interleaver 106 for a specific bit sequence of
information bits 101 provided at the PHY SAP, that would



US 8,441,393 B2

5

match the interleaver 106 output in the hardware. Once the
specific bit pattern at the interleaver 106 output is generated,
QPSK or dual carrier modulation (DCM) may be applied
prior to sub-carrier mapping in the OFDM Modulator, per
WiMedia™ specifications. The first example embodiment
presented in what follows is based on an analysis using the
lowest WiMedia™ data rate mode of 53.3 Mbps, which uti-
lizes QPSK modulation with frequency domain spreading
(FDS) and time domain spreading (TDS). Due to TDS, the
transmitted payload symbol s, may be identical to s,, s; may
be identical to s, s; may be identical to s, and so on. Hence,
if N payload symbols are transmitted, then there may be only
(N/2) distinct symbols (e.g., statistically independent of each
other), and thus only (N/2) templates may be needed as indi-
cated in FIG. 2.

FIG. 2 illustrates a system implementation of one embodi-
ment of a radar system 100 utilizing OFDM radio transmitter
120 and receiver 130. The following parameters and condi-
tions are assumed for the analysis of the first example
embodiment of OFDM radio as UWB radar based on WiMe-
dia™ specifications.

Modulation Bandwidth=528 MHz

Total number of subcarriers=128

100 Data subcarriers
12 Pilot subcarriers
10 Guard subcarriers
6 Null subcarriers

Subcarrier frequency spacing=4.125 MHz

Effective Bandwidth=503.25 MHz (this implies the radar-

range resolution=0.98 feet (ft))

IFFT (transmitter) and FFT (receiver) period=242.24 ns

Number of samples in zero-padded suffix=37 (N_,,)

Symbol period=312.5 nanoseconds (ns) (including N,

samples)

Lowest 53.3 Mbps PHY rate—

QPSK modulation

Coding Rate 1/3

Frequency Domain Spreading
Time Domain Spreading

Coded bits per 6 OFDM Symbols=300 (N -z ss)

Information bits per 6 OFDM Symbols=100 (N .. )

Maximum number of transmitted symbols (coded) per

Frame Payload=660

Minimum required SNR~-4.4 dB (assuming coding gain

is +5 dB)
Although the first example embodiment uses the lowest
WiMedia™ data rate with QPSK modulation, OFDM radio as
UWB radar implementations may also be provided using the
PSDU rate-dependent parameters for higher data rates, e.g.,
80 Mbps, 106.7 Mbps, 160 Mbps, 200 Mbps, 320 Mbps, 400
Mbps and 480 Mbps.

In addition to the significant feature employed by one
embodiment that the specific bit pattern at the interleaver 106
output can be constructed based on the specific PSDU data
(e.g., information bits 101) at the scrambler 102 input, some
further features that may be employed by the first example
embodiment of radar system 100 of OFDM radio for UWB-
radar ranging are:

Feature 1) Samples may be extracted at the output of the
analog-to-digital converter (ADC) in the receiver physical
layer system-on-chip (PHY-SoC) from a particular WiMe-
dia™ vendor. These samples may be used to generate the
UWRB radar pulses for ranging and imaging.

Feature 2) The ADC output samples may be extracted at the
rate of 1024 mega-samples per second (Msps), or at least 512
Msps, via an appropriate interface to a suitable field program-
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6

mable gate array (FPGA) or digital signal processing (DSP)
processor for real-time processing.

Feature 3) The start of the extracted samples from the ADC
output should correspond to the start of the frame payload
symbols. This synchronization may allow the removal of zero
padded suffix samples (ZPS) per OFDM payload and,
thereby, the matched filtering to take place only on the data
samples past the ZPS. This information on start of frame
payload ensures that no ADC samples corresponding to
PLCP preamble and PL.CP header are used for the radar
matched filtering. A variety of functions are served by the
PLCP preamble, such as initial timing synchronization, car-
rier frequency offset coarse and fine estimation and compen-
sation, channel estimation, and automatic gain control
(AGC). Moreover, capturing the ADC output samples corre-
sponding to the beginning of the frame payload ensures that
suitable gain control to the ADC full-scale has been applied
via the AGC algorithms. Data collection corresponding to the
beginning and end of the frame payload can be controlled by
the MAC layer. If the information on the beginning of the
frame payload is not available, but timing information at a
specific sample or samples in the preamble or header is avail -
able instead, the beginning sample of the frame payload can
be obtained based on the a priori knowledge of the specific
samples (e.g., symbols) constituting the packet/frame syn-
chronization sequence and channel estimation sequence in a
PLCP preamble, or specific samples (symbols) constituting a
PLCP header.

Feature 4) Ranging (time of arrival) functionality may be
required if the true time of arrival of the initial radar reflec-
tions from a scatterer (e.g., stationary or moving target) is
needed. The subsequent time-delayed radar ranging informa-
tion from other scatterers (stationary or moving) relative to
the first response can still be obtained from the pulse com-
pression algorithm output signal, regardless of whether the
ranging functionality is supported or not. According to the
WiMedia™ PHY specification, ranging refers to determining
the round trip delay between a device and another device. The
distance can be estimated by multiplying the speed of light by
the measured propagation delay between the devices. The
ranging functionality may be supported by the MAC and
PHY layers. In addition, this feature may help determine the
absolute time of arrival (TOA) of the scatterers when the
transmitter and receiver are in monostatic radar mode or
bistatic radar mode. The delayed reflection responses from
other scatterers and their relative timing with respect to the
first TOA, will be available from the matched filter output in
the radar receiver 130. If the ranging functionality is not
supported by a particular SoC, then the antenna coupling
between the transmitter and the receiver antennas may be
used as the initial radar-range time reference, based on which
delayed radar ranges from multiple scatterers (stationary or
static) can be extracted from the pulse compression (matched
filter) algorithm output. According to the WiMedia™ PHY
specification: “if ranging is supported, all devices shall sup-
port ranging capabilities with an accuracy and precision of
+60 cm (2 ft) or better.”

Returning to FIG. 2, system operation for UWB radar-
ranging, in the baseband, is shown for one embodiment of a
radar system 100 utilizing an OFDM radio transmitter 120
and a receiver 130. Transmitter 120—labeled “TX OFDM
SYMBOLS”—may transmit the transmitted frame payload,
which may be transmitted in the form of modulated symbols
111 (see FIG. 1). The transmitted symbols may comprise N
distinct QPSK symbols and may be transmitted at the lowest
WiMedia™ data rate mode of 53.3 Mbps as indicated in FIG.
2.
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Radar target 122 may be a scatterer of the transmitted radar
signal, which may be, for example, either stationary (e.g.,
walls, ground surface, ground-buried targets) or moving (e.g.,
persons, animals). Assuming, as in Feature 3) above, that the
ADC output samples correspond to the beginning of the
frame payload, the samples may contain wireless channel
multipath or radar-echo responses, as well as band-limited
magnitude and phase responses of the transmitter 120 and
receiver 130 radio frequency (RF) front end 132. Such RF
front-end magnitude and phase variation may be calculated
using an infinite impulse response (IIR) low pass filter (“IIR-
LPF”) parameters to represent RF front end 132. For the first
example embodiment, the IIR-LPF of receiver RF front end
132 may comprise a Chebyshev type I filter, with order=4,
pass-band ripple=1.0 dB, cut-off frequency at 251.625 MHz,
and 64-tap impulse response.

Matched filter 134—Ilabeled “MATCHED FILTER (RA-
DAR)”—may include a matched filtering or pulse compres-
sion technique applied to OFDM symbols 133 output, for
example, by receiver front end 132. For the matched filter
templates 136, the OFDM symbols corresponding to the
interleaver 106 output (in the transmitter 120), known a
priori, are used. These template symbols 136 do not contain
the cyclic prefix (CP). The matched filter 134 serves as a pulse
compressor—e.g., although the OFDM symbols at the filter
input are much longer than the relative time-delays between
radar echoes, the filter output exhibits strong, correlated
responses (I (in-phase) and Q (quadrature)) with width
approximately equal to the reciprocal of the effective band-
width. For the first example embodiment, the effective band-
width is, for example, 503.25 MHz=122 (the number of non-
null subcarriers)x4.125 MHz (the subcarrier frequency
spacing). Thus, the radar range resolution may be limited to
approximately 0.98 ft. The magnitude response (I°+Q?) 138
at the matched filter 134 output can provide high-resolution
signals that may be processed further for estimating radar-
target locations as well as target (stationary or moving) imag-
ing.

For the first example embodiment, the data rate of 53.3
Mbps has been used along with FDS and TDS. Because of
TDS (e.g. spreading factor of 2), each two successive OFDM
symbols may be identical (e.g., symbol s, is identical to
symbol s,, symbol s, is identical to s,, and so on.) Thus, for N
number of transmitted symbols, only (N/2) distinct corre-
sponding template symbols 136 are required, as indicated in
FIG. 2. The matched filter 134 can be generalized for higher
data rates, however, for which TDS is not used, in which case
N distinct template symbols may be needed. Also, for the first
example embodiment, the complex-valued impulse response
h[n] of the target echoes 122 (e.g., equivalent baseband mod-
eling) has been chosen to be:

=L ()N 8 (1N 2 -8n-ngl+
{(=0.5-j0.5)N Z}+8[n-n,]]
where n, and n; denote the sample index corresponding to the
time delays of the first and second echoes (reflections) with
respect to the first reflection. For analysis, time delays t, and
t, have been selected from which n, and n, are computed
using the formula: n,=floor[(t/dt], where dt=T,,,, /N=(1/df)/
N=(1/4.125¢6)/128=1.8939¢-9 sec, and i=0, 1.

FIG. 3 is a pair of magnitude plots for the first example
embodiment. Eighteen complex valued (e.g., I, Q pairs),
transmitted OFDM symbols (e.g., symbols 111) are shown in
the top plot of FIG. 3. The bottom plot of FIG. 3 shows the
magnitude frequency response of corresponding transmitted
and received symbols. The received symbols, convolved with
target impulse response, analog front end (“AFE-filter”)
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impulse response, and with additive white Gaussian noise
(AWGN) 123 (see FIG. 2) are also shown. For the particular
53.3 Mbps rate for the first example embodiment, the mini-
mum required SNR at the receiver RF front-end input is
approximately —5.0 dB. Therefore, the noise variance in the
AWGN 123 was set accordingly for analysis. The spectral
dips in the received signal frequency response seen in the
bottom plot of FIG. 3 are apparent due to target and “AFE-
filter” impulse responses.

FIGS. 4, 5, and 6 are each a pair of plots of magnitude vs.
sample number for eighteen consecutive correlated symbols
before (top) and after (bottom) integration of matched filter
output. The differences among FIGS. 4, 5, and 6 illustrate an
example of the effects of different target distances and timing
relationships between signals, in accordance with the first
example embodiment. Matched filter output (e.g., magnitude
response 138 output from matched filter 134), before and
after integration of 18 consecutive correlated symbols is
shown in FIG. 4, FIG. 5, and FIG. 6 corresponding, respec-
tively, to three different sets of t, and t, . FIG. 4 shows t,=2 ns
and t,=50 ns; FIG. 5 shows t,=4 ns and t,=50 ns; and FIG. 6
shows t,=12 ns and t,=50 ns.

The matched filter 134 output, before correlated symbol
integration, is the pulse compressed signal, even though the
OFDM symbol duration is much greater than the time-delays
between multiple radar reflection responses. The SNR of the
pulse-compressed signal can be enhanced by summing the
successive correlated symbols (in this example, there are 18
successive correlated symbols). The enhanced SNR is illus-
trated by the magnitude of the “pulse-integrated” waveforms
in the bottom plots of FIG. 4, FIG. 5, and FIG. 6. The
improved radar range resolution, especially in resolving
reflections separated by more than 2 ns, can be clearly seen in
FIGS. 5 and 6. The resolution can be somewhat degraded for
closely spaced targets due, for example, to magnitude and
group-delay variation of the band-limited frequency
responses of the RF front-end filtering. However, since the
range resolution is approximately 1 ft, corresponding to
instantaneous modulation bandwidth of 503.25 MHz, the
reflections separated by less than 1 ft cannot be resolved by
the current WiMedia™ receiver architecture. In order to
obtain the SNR increase by pulse integration, the timing
synchronization between successive correlated symbols has
to be met, and that may be ensured by the timing and fre-
quency synchronization and tracking algorithms in the
WiMedia™ receiver architecture via the preamble symbols
and pilot tones.

The waveforms obtained after the pulse integration of suc-
cessive correlated symbols at the matched filter 134 output
may be used for radar ranging and imaging of stationary or
moving targets. For moving target detection and imaging,
responses from stationary objects may be filtered out appro-
priately from the successive waveforms. Additional band-
pass filtering may also be applied to help improve the SNR of
each motion-filtered waveform.

After the pulse integration of successive correlated sym-
bols at the matched filter 134 output, the update rate of the
radar waveforms may be computed. Using the parameters for
the first example embodiment: samples per OFDM-sym-
bol=165 (maximum range=312.4935 ns or 153.79 ft) after
ZPS removal; pulse integration factor=18, as in the above
example; number of samples per waveform=165x18=2970;
and ADC output sample rate=512 Msps, it may be computed
that the frequency in (radar waveforms/sec)=(samples/sec)/
(samples/waveform)=512e6/2970=~172 KHz. This waveform
update rate is significantly faster than, for example, 15 Hz that
is typically available from other commercially available radar
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sensor products. High update rate is desirable especially for
detecting fast moving targets. Otherwise, targets with Dop-
pler speed greater than the update rate will appear as slower
moving targets.

FIG. 7 illustrates a transmitter portion of a radar system
200 using an OFDM radio transmitter 220 in accordance with
a second example embodiment. In the second example
embodiment, WirelessHD® millimeter-wave radio as UWB
radar may be implemented similarly to WiMedia™ OFDM
radio as radar in the first example embodiment. Two data rate
modes are supported in WirelessHD®, one high rate PHY
(HRP) and the other low rate PHY (LRP). The HRP mode
may be more useful because it corresponds to an occupied
bandwidth of 1.76 GHz that is desirable for high range-
resolution radar ranging and imaging. The occupied band-
width for the LRP mode is only 92 MHz and is mainly used
for control and signaling. FIG. 7 illustrates an implementa-
tion block diagram of the transmitter baseband in the HRP
mode.

As shown in FIG. 7, radar system 200 may include a
scrambler unit 202 that receives information bits 201 as input.
Information bits 201 provided at a physical layer service
access point (PHY-SAP) may be “known” or accessible to a
radar receiver 230 (see FIG. 8). A transmitter portion 220 of
radar system 200 may also include a convolutional encoder/
puncturer 204, bit interleaver 206, symbol mapper 208, tone
interleaver 210, inverse fast Fourier transform (IFFT) module
212, and upconverter 214, with each module providing its
output to the input of the next module, as shown in FIG. 7,
with and upconverter 214 providing a baseband output signal
215 at its output as shown. The upconverter 214 may adjust
the sampling rate before the signal goes to the digital-to-
analog converter (DAC).

A brief summary of the second example embodiment of
UWB radar ranging at 5 GHz center frequency using the
millimeter-wave HRP front-end hardware is to first down-
convert (221) the millimeter-wave transmitted signal to 5
GHz (for example—or to another suitable center frequency)
before transmission, up-convert (224) the received signal
(e.g., radar echo) to millimeter-wave center frequency as
supported in the WirelessHD® specifications, then use the
existing millimeter-wave and baseband hardware (e.g., SoC)
for possible radar applications. Signal transmission and
reception at 5 GHz may provide less attenuation through
dielectric walls such as concrete, brick, and gypsum, as com-
pared to attenuation at some millimeter-wave frequencies. If
the RF chip to be used comes from the vendor with integrated
beam-forming antennas, then signal transmission and recep-
tion at around 5 GHz (or some other center frequency lower
than millimeter-wave frequencies) may not be possible or
economically practical. In that case, the target detection may
be performed using a millimeter-wave radar, and hence be
limited to scenarios where the target location (depth) is shal-
low behind the surface (for example, ground or wall). The
allowable transmission power (EIRP) at millimeter-wave,
however, is much higher than that at 5 GHz by atleast 30 dBm
(measured power referenced to one milliwatt (mW)), and that
may compensate for the increased path loss at millimeter-
wave frequencies.

Assuming the raw sample at the output of the ADC in the
HRP mode are accessible, the next step for radar ranging may
be to apply a pulse-compression (matched filtering) tech-
nique on the received payload symbols in the baseband, fol-
lowing the same approach described for the first example
embodiment using a WiMedia™ system. The magnitude
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responses of the pulse-compressed signals may provide high
range-resolution that can be used for moving or static target
detection.

Similar to the approach for the WiMedia™ system, a sig-
nificant feature employed by the second example embodi-
ment using WirelessHD® is that the information bits 201
provided at the PHY SAP (labeled “Data” in FIG. 7) for
transmission is known to the radar receiver 230 (see FIG. 8).
The “Data” information bits 201 may be provided in a media
access control (MAC) protocol data unit (MPDU). The frame
format for the “Data” information bits 201 for WirelessHD®
is different from that used in the WiMedia™ system, and is
shown in FIG. 9. Based on the information bits 201, the
corresponding OFDM symbol templates can be generated via
an IFFT from the specific scrambled, encoded and interleaved
bits at the tone interleaver 210 output.

Transmitter 220 may be implemented using ASIC. In the
transmitter 220 ASIC, the tone interleaver 210 output bit
sequence may not be accessible. Based on the WirelessHD®
specifications, however, for the scrambler 202, convolutional
encoder/puncturer 204, bit interleaver 206, symbol mapper
208, and tone interleaver 210, it should be possible to gener-
ate the expected bit sequence a priori at the output of the tone
interleaver 210 for a specific bit sequence 201 provided at the
PHY SAP, that would match the tone interleaver 210 output in
the hardware. Once the specific bit pattern at the tone inter-
leaver 210 output is generated, QPSK or 16-QAM modula-
tion can be applied to the bits prior to the IFFT for a given raw
data rate. The analysis presented for this second example
embodiment is based on the lowest WirelessHD® data rate
mode 0f 0.952 Gbps (HRP mode index 0) that utilizes QPSK
modulation. Unlike the WiMedia™ specifications, however,
there is no FDS or TDS for the lowest data rate. Hence, N
distinct templates need to be used for matched filtering on the
corresponding N received OFDM symbols—at the possible
cost of some increase in implementation complexity of stor-
ing more templates in memory.

FIG. 8 illustrates system 200 and analysis for implemen-
tation of a second example embodiment of a radar system 200
utilizing OFDM radio transmitter 220 and receiver 230. The
following parameters and conditions are assumed for the
analysis of the second example embodiment of OFDM radio
as UWB radar based on WirelessHD® specifications.

High Rate PHY (HRP)

Occupied Bandwidth=1.76 GHz, implying an improved
radar range resolution is 3.35 inches compared to 12
inches for the WiMedia™ system

Total number of subcarriers=512
336 Data subcarriers
16 Pilot subcarriers
3 DC subcarriers
157 null subcarriers

Subcarrier frequency spacing=4.957 MHz

IFFT (transmitter) and FFT (receiver) period=242.24 ns

Number of samples in guard-interval=64 (N5,)

Symbol period=226.95 ns (including N, samples)

HRP mode 0—

0.952 Gbps
QPSK modulation
Coding mode—FEEP, rate 1/3 (inner); RS (224,216), rate
0.96 (outer)
Payload ~200 microseconds long, with 7 sub-packets
per frame
Octets per frame=23458 for HRP mode 0
Minimum required SNR=0.5 dB for HRP mode 0
Although the second example embodiment uses the lowest
WirelessHD® data rate, OFDM radio as UWB radar imple-
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mentations may also be provided using the transmitted pay-
load symbols corresponding to other HRP data rates and
coding, such as 1.904 Gbps; and 3.807 Gbps. One way to
improve resolution for high resolution radar-ranging algo-
rithms may be to bond channels together such as by using, for
example, a pair of approximately 2 GHz channels. Channel
bonding may be featured, for example, in the specification of
WirelessHD® and in 60-GHz communication standards
other than WirelessHD®. Channel bonding may be used, for
example, to achieve data rates on the order of 25 Gbps (e.g.,
using 4 channels).

In addition to the significant feature employed by the sec-
ond example embodiment that the specific bit pattern at the
tone interleaver 210 output can be constructed based on the
specific HRP-MPDU data 201 at the scrambler 202 input,
some further features that may be employed by the second
example embodiment of radar system 200 of OFDM radio for
UWB-radar ranging are:

Feature 1) Samples may be extracted at the output of the
ADC in the receiver PHY-SoC from a particular Wire-
lessHD® vendor. These samples are used to generate the
UWRB radar pulses for ranging and imaging.

Feature 2) The ADC output samples may be extracted at the
rate of 2.538 Gsps, via an appropriate interface to a suitable
FPGA or DSP processor for real-time processing.

Feature 3) The start of the extracted samples from the ADC
output should correspond to the start of the frame payload
symbols. This synchronization may allow the removal of
cyclic prefix (CP) (similar to ZPS zero padded suffix in
WiMedia™ PHY) per OFDM payload and, thereby, the
matched filtering to take place only on the data samples past
the CP. This information on start of frame payload ensures
that no ADC samples corresponding to HRP preamble and
HRP header are used for the radar matched filtering. A variety
of functions are served by the HRP preamble, such as initial
timing synchronization, carrier frequency offset coarse and
fine estimation and compensation, channel estimation, and
AGC automatic gain control. Furthermore, capturing the
ADC output samples corresponding to the beginning of the
frame payload ensures the suitable gain control to the ADC
full-scale has been applied via the AGC algorithms. Data
collection corresponding to beginning and end of the frame
payload can be controlled by the MAC layer. If the informa-
tion on the beginning ofthe frame payload is not available, but
timing information at a specific sample or samples in the
preamble or header is available instead, the beginning sample
of the frame payload can be obtained based on the a priori
knowledge of the specific samples (e.g., symbols) constitut-
ing packet/frame synchronization sequence and channel esti-
mation sequence in a preamble, or specific samples (symbols)
constituting an HRP header.

Feature 4) Ranging (time of arrival) functionality, as with a
WiMedia™ system, may be required ifthe true time of arrival
of'the first radar reflections from a scatterer (e.g., stationary or
moving radar target) is needed. The subsequent radar ranging
information from other scatterers (stationary or moving),
time-delayed relative to the first response, can still be
obtained from the pulse compression algorithm output signal,
regardless of whether the ranging functionality is available or
not. The ranging functionality may be supported by the MAC
and PHY layers. In addition, this feature may help determine
the absolute time of arrival (TOA) of the scatterers when the
transmitter and receiver are in monostatic radar mode or
bistatic radar mode. The delayed reflection responses from
other scatterers and their relative timing with respect to the
first TOA, will be available from the matched filter output in
the radar receiver 230. If the ranging functionality is not
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supported by an SoC, then the antenna coupling between the
transmitter and the receiver antennas may be used as the
initial radar-range time reference, based on which delayed
radar ranges from multiple scatterers (stationary or static) can
be extracted from the pulse compression (matched filter)
algorithm output.

Returning to FIG. 8, system operation for UWB radar-
ranging, in the baseband, is shown for a second example
embodiment of a radar system 200 utilizing an OFDM radio
transmitter 220 and a receiver 230. Transmitter 220—Ilabeled
“TX OFDM SYMBOLS”—may transmit the transmitted
frame payload. Radar target 222 may be a scatterer of the
transmitted radar signal, which may be, for example, either
stationary (e.g., walls, ground surface, or ground-buried tar-
gets) or moving (e.g., persons, animals). Assuming that the
ADC output samples correspond to the beginning of the
frame payload, the samples contain wireless channel multi-
path or radar-echo responses, as well as band-limited magni-
tude and phase responses of the transmitter 220 and receiver
230 RF front end 232. Such RF front-end magnitude and
phase variation may be calculated using IIR low pass filter
parameters to represent receiver RF front end 232. For the
second example embodiment, I[IR-LPF of receiver RF front
end 232 may comprise a Chebyshev type 1 filter, with
order=4, pass-band ripple=1.0 dB, cut-off frequency at
0.8774 MHz, and 64-tap impulse response.

Matched filter 234—Ilabeled “MATCHED FILTER (RA-
DAR)”—may include a matched filtering or pulse compres-
sion technique applied to OFDM symbols 233 output, for
example, by a receiver front end 232. For the matched filter
templates 236, the OFDM symbols corresponding to the tone
interleaver 210 output (in the transmitter 220), known a
priori, may be used. These template symbols 236 do not
contain the CP. The matched filter 234 serves as pulse com-
pressor—e.g., although the OFDM symbols at the filter input
are much longer than the relative time-delays between radar
echoes, the filter output exhibits strong, correlated responses
(I and Q) with width approximately equal to the reciprocal of
1.76 GHz, roughly equal to the radar range resolution of 3.35
inches. The magnitude response (I>+Q?) 238 at the matched
filter 234 output provide the high-resolution signals that may
be processed further for estimating radar-target locations as
well as target (stationary or moving) imaging. In this particu-
lar case, there are N distinct template symbols for N corre-
sponding received symbols.

For the second example embodiment, the complex-valued
impulse response h[n] of the target echoes (equivalent base-
band modeling) has been chosen to be:

hm=[{(1HVZ}-8[n]{ 1)V} -8[n-ng)+
{(-1DNZ}-8m-n,]]
where n, and n; denote the sample index corresponding to the
time delays of the first and second echoes (reflections) with
respect to the first reflection. For analysis, time delays t, and
t, have been selected, from which n, and n, are computed
using the formula: n=flood[t/dt], where dt=T, /N=(1/d)/
N=(1/4.957¢6)/512=394.0135¢-12 sec, and i=0, 1.

FIG. 10 is a pair of magnitude plots for the second example
embodiment. Eight complex valued (e.g., I, Q pairs), trans-
mitted OFDM symbols (e.g., downconverted millimeter
wave signals 215) are shown in the top plot of FIG. 10. The
bottom plot of FIG. 10 shows the magnitude frequency
response of corresponding transmitted and received symbols.
The received symbols, convolved with target impulse
response, “AFE-filter” impulse response, and with AWGN
noise 223 (see F1G. 8) are also shown. For the particular 0.952
Gbps rate for the second example embodiment, the minimum
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SNR at the receiver RF front-end input required for a speci-
fied bit error rate (BER) for data communication is approxi-
mately 0.5 dB. Assuming that the same SNR would be appro-
priate for detecting targets with a low probability of false
alarms, the noise variance in the AWGN 223 may be set
accordingly for analysis. The spectral dips in the received
signal frequency response seen in the bottom plot of FIG. 10
are apparent due to target and “AFE-filter” impulse
responses.

FIGS. 11 and 12 are each a pair of plots of magnitude vs.
sample number for eight consecutive correlated symbols
before (top) and after (bottom) integration of matched filter
output. The differences between FIGS. 11 and 12 illustrate an
example of the effects of different target distances and timing
relationships between signals, in accordance with the second
example embodiment. Matched filter 234 output (e.g., mag-
nitude response 238 output from matched filter 234), before
and after integration of 8 consecutive correlated symbols is
shown in FIG. 11 and FIG. 12 corresponding, respectively, to
two different sets of t, and t,. FIG. 11 shows t,=0.5 ns and
t,=50 ns; and FIG. 12 shows t,=5 ns and t,=50 ns.

The matched filter 234 output, before correlated symbol
integration, is the pulse compressed signal, even though the
OFDM symbol duration is much greater than the time-delays
between multiple radar reflection responses. The SNR of the
pulse-compressed signal can be enhanced by summing the
successive correlated symbols (in this second example, there
are 8 successive correlated symbols). The enhanced SNR is
illustrated by the magnitude of the “pulse integrated” wave-
forms seen in the bottom plots of FIG. 11 and FIG. 12. The
improved radar range resolution compared to the WiMedia™
system may be observed for both scenarios, especially in
resolving reflections separated by 0.5 ns. The resolution can
be somewhat degraded for such closely spaced targets due,
for example, to magnitude and group-delay variation of the
band-limited frequency responses of the RF front-end filter-
ing. In order to obtain the SNR increase by pulse-integration,
the timing synchronization between successive correlated
symbols has to be met, and that may be ensured by the timing
and frequency synchronization and tracking algorithms in the
WirelessHD® receiver architecture via the preamble symbols
and pilot tones.

The waveforms, obtained after the pulse integration of
successive correlated symbols at the matched filter 234 output
may be used for radar ranging and imaging of stationary or
moving targets. For moving target detection and imaging,
responses from stationary objects may be filtered out appro-
priately from the successive, integrated waveforms. Addi-
tional band-pass filtering also may be applied to help improve
the SNR of each motion-filtered waveform.

After the pulse integration of successive correlated sym-
bols at the matched filter 234 output, the update rate of the
radar waveforms may be computed. Using the parameters for
the second example embodiment: samples per OFDM-sym-
bol=512+64 (maximum range=226.95 nsor 111.7 ft) after CP
removal; pulse integration factor=8, as in the above example;
number of samples per waveform=576x8=4608; and ADC
output sample rate=2538 Msps, it may be computed that the
frequency in (radar waveforms/sec)=(samples/sec)/(samples/
waveform)=2538e6/2970~551 KHz. This waveform update
rate is significantly faster than, for example, 15 Hz that is
typically available from other commercially available radar
sensor products. High update rate is desirable especially for
detecting fast moving targets. Otherwise, targets with Dop-
pler speed greater than the update rate will appear as slower
moving targets.
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Embodiments described herein illustrate but do not limit
the disclosure. It should also be understood that numerous
modifications and variations are possible in accordance with
the principles of the present disclosure. Accordingly, the
scope of the disclosure is best defined only by the following
claims.

We claim:

1. A radar system comprising:

an orthogonal frequency division multiplexing (OFDM)

radio communications transmitter configured to trans-
mit information bits using one or more payload symbols
in a transmitted signal;

a downconverter applied to the transmitted signal for trans-

mitting pulses in a UWB wave band;

anupconverter applied to a received signal reflected from a

target; and

a receiver configured to:

construct the payload symbols from the information bits
provided by the transmitter;

receive the payload symbols in the received signal
reflected from the target;

apply a matched filter to the received payload symbols
using the constructed payload symbols as a template;
and

process a magnitude response at an output of the
matched filter for estimating location and imaging of
the target.

2. The radar system of claim 1, wherein the radar receiver
is further configured to apply a pulse integration at the output
of the matched filter.

3. The radar system of claim 1, wherein applying the
matched filter to the received payload symbols comprises
applying a pulse compression technique to the payload sym-
bols.

4. The radar system of claim 1, wherein:

the information bits are provided at a physical layer service

access point (PHY SAP);

the information bits from the PHY SAP comprise at least

one of a physical-layer convergence protocol (PLCP)
service data unit (PSDU) or a media access control
(MAC) protocol data unit (MPDU) provided to a scram-
bler input; and

the template comprises an OFDM symbol generated from

the specific scrambled, encoded, and interleaved bit pat-
tern at an interleaver output or OFDM modulator input
of the transmitter, the specific bit pattern corresponding
to a specific PSDU or MPDU data at the scrambler input.

5. The radar system of claim 1, wherein the received pay-
load symbols are generated from samples extracted at an
output of an analog-to-digital converter (ADC) in a receiver
physical-layer system on chip (PHY-SoC).

6. The radar system of claim 5, wherein the samples at the
ADC output are extracted at a rate of at least 512 Msps via an
interface to a digital signal processor for real-time processing.

7. The radar system of claim 5, wherein a start of the
extracted samples from the ADC output corresponds to a start
of frame payload symbols of a PSDU so as to provide a
synchronization allowing removal of zero padded suffix
(ZPS) samples per OFDM payload so that the matched filter
applies only on data samples exclusive of the ZPS.

8. The radar system of claim 1, wherein a ranging func-
tionality of the OFDM transmitter and receiver is used to
provide a true time of arrival of an initial transmitted signal
reflection from a scatterer.
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9. The radar system of claim 1, wherein:

the received payload symbols are generated from samples
extracted at an output of an analog-to-digital converter
(ADC) in a receiver physical-layer system on chip
(PHY-SoC); and

the samples at the ADC output are extracted at a rate of at
least 2.538 Gsps via an interface to a digital signal pro-
cessor for real-time processing.

10. The radar system of claim 9, wherein:

a start of the extracted samples from the ADC output cor-
responds to a start of frame payload symbols of an
MPDU so as to provide a synchronization allowing
removal of a cyclic prefix (CP) per OFDM payload so
that the matched filter applies only on data samples
exclusive of the CP.

11. The radar system of claim 1, wherein an antenna cou-
pling between an antenna of the OFDM transmitter and an
antenna of the receiver is used to provide a true time of arrival
of an initial transmitted signal reflection from a scatterer.

12. A method comprising:

transmitting an orthogonal frequency division multiplex-
ing (OFDM) modulated signal comprising information
bits conveyed by one or more payload symbols;

constructing the payload symbols from the information
bits provided to a receiver;

receiving the payload symbols in a recieved signal
reflected from a target;

generating the received payload symbols from samples
extracted at the output of an analog-to-digital converter
(ADC) in a receiver physical-layer system on chip
(PHY-SOC), wherein:
the transmitted signal is downconverted from a millime-

ter wave band to a UWB wave band; and

the received signal reflected from the target is upcon-
verted,;

applying matched filtering to the received payload symbols
using the constructed payload symbols as a template,
wherein:

a start of the extracted samples from the ADC output
corresponds to a start of frame payload symbols of an
MPDU so as to provide a synchronization allowing
removal of a cyclic prefix CP per OFDM payload so
that the matched filter applies only on data samples
exclusive of the CP; and

processing a magnitude response at a matched filter output
to produce a range estimate of the target.
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13. The method of claim 12, further comprising processing
a magnitude response at a matched filter output to produce
imaging of the target.
14. The method of claim 12, further comprising apply a
pulse integration technique to the output of the matched filter
to improve signal-to-noise ratio (SNR).
15. The method of claim 12, further comprising:
providing the information bits at a physical layer service
access point (PHY SAP) of an OFDM transmitter;

providing the information bits in at least one of a physical-
layer convergence protocol (PLCP) service data unit
(PSDU) or a media access control (MAC) protocol data
unit (MPDU) to a scrambler input; and

constructing the templates for matched filtering from

OFDM symbols generated from the specific scrambled,
encoded, and interleaved bit pattern at an interleaver
output or OFDM modulator input of the transmitter,
wherein the specific bit pattern corresponds to a specific
PSDU or MPDU data at the scrambler input.

16. The method of claim 12, wherein a start of the extracted
samples from the ADC output corresponds to a start of frame
payload symbols of a PSDU so as to provide a synchroniza-
tion allowing removal of zero padded suffix (ZPS) samples
per OFDM payload so that the matched filter applies only on
data samples exclusive of the ZPS.

17. An orthogonal frequency division multiplexing
(OFDM) radio comprising:

an OFDM radio communications transmitter configured

to:

transmit information bits using one or more payload
symbols in a transmitted signal; and

provide the information bits from a physical layer ser-
vice access point (PHY SAP);

a downconverter applied to the transmitted signal for trans-

mitting pulses in a UWB wave band;

anupconverter applied to a received signal reflected from a

target; and

a receiver configured to:

construct the payload symbols from the information bits
provided by the transmitter;

receive the payload symbols in the received signal
reflected from the target;

apply a matched filter to the received payload symbols
using the constructed payload symbols as a template;
and

process a magnitude response at the matched filter out-
put for ranging and imaging of the target.
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