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(57) ABSTRACT

In an ultra-wideband (“UWB”) receiver, a received UWB
signal 1s periodically digitized as a series of ternary samples.

During a carrier acquisition mode of operation, the samples
are continuously correlated with a predetermined preamble
sequence to develop a correlation value. When the value
exceeds a predetermined threshold, indicating that the pre-
amble sequence 1s being received, estimates of the channel
impulse response (“CIR”) are developed. When a start-oi-
frame delimiter (“SFD”) 1s detected, the best CIR estimate
1s provided to a channel matched filter (“CMF”"). During a
data recovery mode of operation, the CMF filters channel-
injected noise from the sample stream. Both carrier phase
errors and data timing errors are continuously detected and
corrected during both the carrier acquisition and data recov-
ery modes of operation. The phase of the carrier can be
determined by accumulating the correlator output before 1t 1s
rotated by the carrier correction. By comparing the carrier
phases of two receivers separated by a known distance, d,
the angle of incidence, 0, of the signal can be determined.

3 Claims, 15 Drawing Sheets
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MEASURING ANGLE OF INCIDENCE IN AN
ULTRAWIDEBAND COMMUNICATION
SYSTEM

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the U.S. National Stage of PCT
Application No. PCT/EP2014/060722, filed 23 May 2014
(“Parent PCT Application™).

The [subject matter of this] Parent PCT Application is a
Continuation-in-Part of and 1s related to application Ser. No.
13/775,282, filed 28 Mar. 2013, now U.S. Pat. No. 8,760,
334, issued 24 Jun. 2014 (“First Related Application™).

The subject matter of this Application 1s related to appli-
cation Ser. No. 13/033,098, filed 23 Feb. 2011 (*Second
Related Application”), which 1s 1n turn related to Provisional
Application Ser. No. 61/316,299, filed 22 Mar. 2010 (“Re-
lated Parent Provisional™).

The [subject matter of this] First Related Application is a
Continuation-in-Part of and 1s related to application Ser. No.
12/885,517, filed 19 Sep. 2010, now U.S. Pat. No. 8,437,
432, 1ssued 7 May 2013 (“Related Parent Patent™), which 1s
in turn also related to the Related Parent Provisional.

The subject matter of this Application 1s also related to the
subject matter of PCT Application Serial No. PCT/EP2013/
070851, filed 7 Oct. 2013 (*“Third Related Application™).

This application, and the subject matter herein, [is related]
claims priority to:

1. The Parent PCT Application;

2. The First Related Application;
[3. The Second Related Application;]

[4] 3. The Related Parent Patent; and

[5] 4. The Related Parent Provisional; [and]

[6. The Third Related Application;}

collectively, “[Related]Priority References”, and hereby
claims the benefit of the filing date theveof pursuant to 37
C.ER § 1.78.(a)(4).

The subject matter of the [Related] Priority References,
the Second Related Application, and the Thivd Related
Application, each 1n its entirety, 1s expressly incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to ultra-wideband
communication systems, and, in particular, to a receiver for
use 1n an ultra-wideband communication system adapted to
determine the angle of arrival of an RF signal.

2. Description of the Related Art

In general, 1n the descriptions that follow, we will 1talicize
the first occurrence of each special term of art which should
be familiar to those skilled in the art of ultra-wideband
(“UWB”) communication systems. In addition, when we
first introduce a term that we believe to be new or that we
will use 1n a context that we believe to be new, we will hold
the term and provide the definition that we intend to apply
to that term. In addition, throughout this description, we will
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2

sometimes use the terms assert and negate when referring to
the rendering of a signal, signal flag, status bit, or similar
apparatus 1nto 1ts logically true or logically false state,
respectively, and the term toggle to indicate the logical
mversion of a signal from one logical state to the other.
Alternatively, we may refer to the mutually exclusive bool-
can states as logic_0O and logic_1. Of course, as 1s well
known, consistent system operation can be obtained by
reversing the logic sense of all such signals, such that signals
described herein as logically true become logically false and
vice versa. Furthermore, 1t 1s of no relevance 1n such systems
which specific voltage levels are selected to represent each
of the logic states.

In general, 1n an ultra-wideband (“UWB”) communica-
tion system, a series ol special processing steps are per-
formed by a UWB transmitter to prepare payload data for
transmission via a packet-based UWB channel. Upon recep-
tion, a corresponding series of reversing steps are performed
by a UWB receiver to recover the data payload. Details of
both series of processing steps are fully described in IEEE
Standards  802.154  (*802.154”) and 802.15.4a
(“802.15.4a”), copies of which are submitted herewith and
which are expressly incorporated herein 1n their entirety by
reference. As 1s known, these Standards describe required
functions of both the transmit and receive portions of the
system, but specily implementation details only of the
transmit portion of the system, leaving to implementers the
choice of how to implement the receive portion.

One or more of us have developed certain improvements
for use In UWB communication systems, which improve-
ments are fully described 1n the following pending applica-
tions or 1ssued patents, all of which are expressly incorpo-
rated herein 1n their entirety:

“A Method and Apparatus for Generating Codewords”,
U.S. Pat. No. 7,787,544, 1ssued 31 Jul. 2010:

“A Method and Apparatus for Generating Codewords”,
application Ser. No. 11/309,222, filed 13 Jul. 2006, now
abandoned:

“A Method and Apparatus for Transmitting and Receiving,
Convolutionally Coded Data”, U.S. Pat. No. 7,636,397,

1ssued 22 Dec. 2009;

“A Method and Apparatus for Transmitting and Receiving,
Convolutionally Coded Data”, U.S. Pat. No. 8,338,709,
1ssued 22 Jan. 2013; and

“Convolution Code for Use 1n a Communication System”,
U.S. Pat. No. 8,677,224, 1ssued 18 Mar. 2014.

One particular problem in multi-path, spread-spectrum
systems, mncluding UWB, 1s channel-induced noise present
in the received signal. One common technique for signifi-
cantly reducing the noise level relative to the receive level
1s to develop, during reception of a training sequence portion
of the preamble of each transmitted packet, an estimate of
the channel impulse response (“CIR”). Following detection
in the received packet of the start-of-frame delimiter
(“SFD”), the best CIR estimate 1s reversed in time and the
complex conjugate 1s developed. This conjugate CIR esti-
mate 1s thereafter convolved with the payload portion of the
packet using a channel matched filter (“CMF”"). Shown 1n
FIG. 1 1s a UWB receiver 10 adapted to operate in this
manner. As 1s known, the signal received via an antenna 12
1s continuously conditioned by a filter 14. During reception
of the training sequence, channel estimator 16 develops
from the conditioned signal the conjugate CIR estimate.
During reception of the payload data, detector 18 employs a
CMF (not shown) to convolve the conditioned signal with
the conjugate CIR estimate, thereby significantly improving
the signal-to-noise ratio (“SNR”’) and facilitating recovery of
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the payload data. See, also, “Eilicient Back-End Channel
Matched Filter (CMF)”, U.S. Pat. No. 7,349,461, 1ssued 25

Mar. 2008.

As noted 1n 802.15.4a, § 5.5.7.1, “UWB devices that have
implemented optional ranging support are called ranging-
capable devices (“RDEVs”).” (Emphasis in original.) For
certain applications, such RDEVs are commonly imple-
mented 1n the form of a relatively compact, autonomous
radio-frequency 1dentification (“RFID”) tag or the like. Due
to the small form factor and limited power supply, 1t 1s
especially important to select circuit implementations that
provide maximum performance at mimmum power. Unifor-
tunately, 1n known implementations of the UWB receiver,
improvements 1n performance usually come at the expense
of power. For example, 1t 1s known that a rake filter provides

good performance in multi-path, spread-spectrum systems
such as UWB. See, e.g., slide 21 of “The ParthusCeva Ultra

Wideband PHY Proposal”, IEEE P802.15 Working Group
tor Wireless Personal Area Networks, March 2003, a copy of
which 1s submitted wherewith and which 1s expressly 1ncor-
porated herein 1n 1ts entirety by reference. However, known
rake filter implementations tend to consume significantly
more power than other prior art techniques.

In ranging systems, as in other RF systems, the receiver
must coordinate 1ts internal operation to the signal being
received front the transmitter. In general, the recerver must
achieve synchronism with the received carrier signal, a
process referred to as carrier recovery. In addition, the
receiver must further achieve synchromism with the infor-
mation signals superimposed on the carrier, a process
referred to as timing recovery. We submit that prior art
techniques for performing both carrier recovery and timing,
recovery in the digital domain are less than optimum.

In the RF system topology shown in FIG. 15, 1t can be
seen that, because of the non-zero angle of incidence, 0, the
RF signal will arrive at one antenna before the other. In
particular, 1t can be seen that the path to antenna A 1s greater
than to antenna B by p=d*sin(0). In order to calculate 0, the
angle ol incidence, the time difference of arrival could be
found. If d 1s relatively large then this would provide quite
an accurate estimate of 6. On the other hand, 1f d 1s small the
estimate turns out to be highly error prone.

FIG. 16 shows two receivers, 70a and 70b, which are
clocked from the same crystal 72. If the same crystal 72
clocks 1dentical phase locked loops (“PLLs™), 74a and 74b,
the generated carriers that are supplied to the respective
down converter mixers, 76ac-76as and 76bc-76as, will have
the same phase. The RF signal will arrive at a slightly later
time at antenna A than antenna B, so 1t will encounter a down
converter carrier phase that 1s different 1n each of the mixers
76. If the baseband processors, 78a and 78b, are capable of
calculating the complex impulse response of the channel,
that impulse response will have a different in-phase (“I”) to
quadrature (*Q”) ratio I/Q which 1s equal to the phase delay
caused by the signal travelling the extra distance, p, before
encountering the mixer 70a and being down-converted by
the carnier. If the carrier frequency i1s high, e.g., 4 GHz or 6.5
GHz, then quite small distances, p, will lead to a relatively
large carrier phase difference.

>

[Eq. 1]

s1né =

ol

[Eq. 2]
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where:

i 1s the carrier frequency,

¢ 1s the speed of light, and
A 1s the carrier wavelength.

L [Eq. 3]
2 A
where:
. 1s the phase difference between the two carriers for the
same point on the mncident RF signal.
A . 4
p = Q—(fmm Eq. 2 and Eq. 3) a4
2n
@A |Eq. 3]
sinf = E(fmm Eq. 1 and Eq. 4)
A . 6
6 = sin ! %(fmm Eq. 5) Eq. ©]
If, in Eqg. 6, d 1s set to be a half wavelength, then FIG. 17
shows the relationship between o, the phase difference of the

impulse responses, and 0, the angle of incidence. Note that
the slope of the dark grey section i1s approximately 3,
whereas the slope of the lighter grey section 1s 0.6, 1.e., 5
times worse. If, however, d 1s set to be a one wavelength,
then FIG. 18 shows the relationship between a and 0. Note
that, at this separation, there 1s an ambiguity in that each
phase relationship has two possible angles of incidence. As
can be seen from FIG. 19, as the antennae are moved further
apart, say to 3 wavelengths, the ambiguity only increases.

We submit that the larger separation of one wavelength or
more 1s advantageous two reasons: first, the slope of the
angle of 1ncidence curve versus phase change curve 1s larger
and stays larger for longer, thereby allowing more accurate
determination of angle of incidence; and second, as the
antennas get closer together, their near fields interfere and
their performance starts to atlect each other. This 1s particu-
larly the case when the separation i1s lower than one wave-
length.

We submit that what 1s needed 1s an improved method and
apparatus for use in the receiver of a UWB communication
system to determine angle of incidence. In particular, we
submit that such a method and apparatus should provide
performance generally comparable to the best prior art

techniques but more ethiciently than known implementations
ol such prior art techniques.

BRIEF SUMMARY OF THE

INVENTION

In accordance with a preferred embodiment of our inven-
tion, we provide a method for use 1n an RF system com-
prising first and second RF receivers separated by a prede-
termined distance, d, and an RF transmuitter, the method
comprising the steps of: [1] 1n the first and second receivers,
synchronizing the first and second receivers to a predeter-
mined time base; [2] 1 the transmitter, transmitting an RF
signal having a predetermined carrier wavelength, A; [3] 1n
the first receiver, receiving the transmitted signal and devel-
oping a {lirst phase value as a function of the complex
baseband impulse response of the received signal; [4] 1n the
second receiver, receiving the transmitted signal and devel-
oping a second phase value as a function of the complex
baseband impulse response of the received signal; [5] devel-
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oping a phase difference value, a, as a function of the first
and second phase values; and [6] developing an angle of
arrival, 0, of the transmitted signal relative to the first
receiver according to the following:

A
0 =sin ! ik

2nd

The methods of our invention may be embodied in
computer readable code on a suitable computer readable
medium such that when a processor executes the computer
readable code, the processor executes the respective method.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Our mvention may be more fully understood by a descrip-
tion of certain preferred embodiments 1n conjunction with
the attached drawings 1n which:

FIG. 1 illustrates, in block diagram form, a prior art
receiver adapted for use 1n a UWB communication system;

FIG. 2 illustrates, in block diagram form, one embodi-
ment of the receiver shown in FIG. 1, but constructed in
accordance with our invention;

FIG. 3 illustrates, 1n block diagram form, the portion of
the receiver shown in FIG. 2 that performs carrier and timing,
recovery when the receiver 1s operating in a carrier acqui-
sition mode;

FI1G. 4 illustrates, 1n block diagram form, the portion of
the receiver shown in FIG. 2 that performs carrier and timing,
recovery when the receiver 1s operating 1n a data recovery
mode;

FIG. 5 1llustrates, in block diagram form, the error angle
calculation block shown, e.g., n FIG. 3;

FIG. 6 illustrates, 1n relative 1solation, those components
of the receiver shown 1n FIG. 3 adapted to perform carrier
recovery;

FI1G. 7 1llustrates, in block diagram form, a programmable
scaler adapted for use with our carrier loop filter shown 1n
FIG. 6;

FIG. 8 illustrates, 1n signal wave form, our approach to

scale the filtered phase error estimate and apply 1t to the
accumulator more often than once per symbol in the case of
850 kb/s:

FIG. 9 illustrates, 1n signal wave form, our approach to
scale the filtered phase error estimate and apply 1t to the
accumulator more often than once per symbol in the case of
6.8 Mb/s:

FIG. 10 illustrates, 1n signal wave form, our approach to
scale the filtered phase error estimate and apply 1t to the
accumulator more often than once per symbol 1n the case of
110 kb/s;

FIG. 11 illustrates, in block diagram form, a rotator
adapted for use with our carrier loop filter shown 1n FIG. 6;

FIG. 12 1llustrates, 1n relative 1solation, those components
of the receiver shown 1n FIG. 4 adapted to perform timing
recovery;

FIG. 13 illustrates, in block diagram form, a resampler
adapted for use with our timing recovery loop shown in FIG.
12;

FIG. 14 illustrates, in flow diagram form, a process for
seeding the timing loop filter shown 1n FIG. 12.

FIG. 135 1illustrates, generally 1n topographic perspective,
an RF communication system, and, in particular, illustrates
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the different angles of incidence of the transmitted RF signal
on two antennas spaced apart by a distance d;

FIG. 16 illustrates, 1n block diagram form, the antennas of
FIG. 15, together with the respective RF receivers;

FIG. 17 illustrates, in waveform, the ratio of the phase
shift of the carrier as a function of angle of incidence with
respect to two 12 wavelength separated antennas;

FIG. 18 illustrates, 1n waveform, the ratio of the phase
shift of the carrier as a function of angle of incidence with
respect to two 1 wavelength separated antennas;

FIG. 19 illustrates, in waveform, the ratio of the phase
shift of the carrier as a function of angle of incidence with
respect to two antennas separated by 3 wavelengths;

FIG. 20 1illustrates, in waveform, the ratio of the phase
shift of the carnier as a function of angle of incidence with
respect to two antennas separated by 7.5 cm at two diflerent
carrier frequencies; and

FIG. 21 illustrates, in waveform, the resultant calculated
angle of incidence for a 100 packet test.

In the drawings, similar elements will be similarly num-
bered whenever possible. However, this practice 1s simply
for convenience of reference and to avoid unnecessary
proliferation of numbers, and 1s not intended to 1mply or
suggest that our invention requires 1dentity in either function
or structure in the several embodiments.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

Shown 1 FIG. 2 1s a UWB receiver 10' constructed in
accordance with our mvention. As 1n the prior art system
shown 1 FIG. 1, the signal received by antenna 12 1s
continuously conditioned by filter 14. The conditioned sig-
nal 1s then periodically sampled by an analog-to-digital
converter (“ADC”) 20 and provided as a continuous series
of digital samples. In accordance with a preferred embodi-
ment of our invention, ADC 20 1s specially adapted to
provide each digital sample 1n ternary form, 1.e., [-1, 0, +1].
In view of the difficulty of currently available standard
digital circuit technology efliciently to represent a 3-value
variable 1n the form of a single ternary trit, we anticipate, at
least 1n the near term, such variables will require represen-
tation using 2 conventional, binary bits, wherein a first one
of the bits represents the numeric component of the vanable,
1.e., [0, 1], and the second bit represents the sign of the
variable, 1.e., [+, —]. In this regard, 1t could be argued that
circuit technology has not progressed all that much since
Soviet researchers built the first (perhaps only?) documented
ternary-based computer systems. See, “A Visit to Compu-
tation Centers 1n the Soviet Union,” Comm. of the ACM,
1959, pp. 8-20; and “Soviet Computer Technology—19597,
Comm. of the ACM, 1960, pp. 131-166; copies of which are
submitted herewith and which are expressly incorporated
herein 1n their entirety by reference.

In the context of our invention, our trit can be distin-
guished from a conventional sign+magnitude implementa-
tion such as that described in Amoroso83, cited above.
Consider the strategy for A/D conversion shown 1n FIG. 5 of
Amoroso83; and, note, especially, that there are three sepa-
rate and distinct switching thresholds: (1) a sign threshold
[T _]; (1) a positive magnitude threshold [T _+A]; and (111) a
negative magnitude threshold [T _-A]. (See, also, Amo-
roso83, p. 1119, lines 21-24.) We have discovered that
adapting the ADC to use ONLY a positive magnitude
threshold [T _+A] and a negative magnitude threshold [T_—A]
results 1n only a very small loss in resolution, while improv-
ing the performance of an impulse radio UWB recerver.
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Accordingly, 1n our preferred embodiment, ADC 20 imple-
ments only positive/negative magnitude thresholds [T _zA],
thereby simplifying the circuit while simultaneously
improving both the conversion time of the ADC 20 and, 1n
general, the performance of the receiver. Such an 1mple-
mentation lends itsell naturally to our trit-based scheme,
wherein the three defined states indicate, for example, that:

[-1]=>the 1mput 15 below the negative magnitude thresh-

old [T,-AlJ;

|0]=>the mput 1s between the negative magnitude thresh-

old [T,—A] and the positive magnitude threshold [T+
Al; and

[+1]=>the mput 1s above the positive magnitude threshold

TL+A].
In contrast to a conventional sign+magnitude 1mplementa-
tion, our trit-based ADC 20 can be readily adapted to operate
cither at a higher sample rate (improved performance but
with more power) or at an equivalent sample rate (substan-
tially equivalent performance but with less complexity,
thereby reducing both circuit size and power consumption).

Additional details relating to the construction and opera-
tion of our UWB receiver 10' can be found in the Related
References. As explained 1n the Related References, receiver
10" imitially operates 1n an acquisition mode, during which
the components are configured to detect an incoming UWB
signal transmitted by a remote UWB transmitter (not
shown), and to achieve synchronism with that transmission,
a process referred to as acquisition. Having achieved acqui-
sition, recerver 10' transitions into a data mode, during
which the components are configured to recover data con-
tained within each transmitted packet, a process referred to
as demodulation or data recovery.

Shown 1n FIG. 3 are the components of our recerver 10
that perform carrier and timing recovery when the receiver
10" 1s operating in the acquisition mode. As explained 1n our
Related References, during operation, ADC 20 develops
trit-valued samples of both the in-phase, Sr[5:0], and
quadrature, S1[5:0], components of the received signals. In
the acquisition mode, these samples are passed to the
correlator 24, where they are correlated against the pre-
defined preamble code. It a valid preamble 1s present, the
output of the correlator 24 comprises a noisy estimate of the
channel impulse response (“CIR”). This noisy CIR estimate
1s passed, without carrier and timing recovery, to accumus-
lator 26. If a preamble 1s present, then, as accumulator 26
adds symbols together, the CIR estimate will grow faster
than the noise floor. By comparing successive accumulated
groups ol CIR estimates, the acquisition control logic (de-
scribed 1n our Related References) can determine 11 there 1s
a valid preamble present.

Once a preamble has been 1dentified, the carrier recovery
logic 1s activated to correct carrier error 1n the recerved data.
Logic 46 computes an instantaneous phase error estimate of
the recetved UWB signal by performing an inverse tangent
operation on the i-phase, 1.e., real, and quadrature, 1.e.,
imaginary, components of the signal phasor. A carrier loop
filter 48 uses this estimate to compute a correction angle to
be applied to the current input to the accumulator 26. This
correction angle 1s developed as a carrier recovery phase
signal (7-bits unsigned) wherein the output range 1s 0.0 to
almost 2.0, and where the value 2.0 1s equivalent to one
revolution. A look-up-table (“LUT™) 30 converts the cor-
rection angle to a corresponding pair ol cosine (5-bits,
including a sign bit) and sine (5-bits, including a sign bit)
values. Using these sine and cosine values, a rotator 32
rotates the correlated samples by implementing a complex
multiplication for each sample, followed by rounding to
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return the output real and 1maginary samples to 7-bit signed
values. The rotated correlated samples are then resampled by
resample 54 for use by the accumulator 26.

There 1s a finite probability that a detected preamble 1s not
valid. Accordingly, our accumulator 26 spends some time
assessing the quality of the incoming signal. If the quality 1s
found to be poor, the preamble 1s rejected and accumulator
26 resumes searchung for a preamble. I the quality 1s found
to be sufliciently high, the next task i1s to search for a
start-of-frame-delimiter (“SFD””) by comparing the mcom-
ing correlator samples against the accumulated CIR esti-
mate. This 1s performed for each symbol, and the result
quantised to a 2-bit signed value. This 2-bit signed value
should be +1 throughout the preamble, but then, once the
SEFD pattern 1s received, 1t should follow the pattern of the
SEFD. For example, for a short SFD, this would be [0, +1, O,
-1, +1, 0, 0, —1]. A corresponding search pattern 1s used to
find this sequence on the 2-bit quantised values. This allows
the SFD pattern to be 1dentified, and the time to transition to
data mode determined.

Shown 1n FIG. 4 are the components of our receiver 10
that perform carrier and timing recovery when the receiver
10' 1s operating 1n the data mode. No later than the end of the
acquisition mode, the CIR estimate developed by accumu-
lator 26 1s loaded into the channel-matched-filter (“CME”)
36. Once receiver 10' switches to data mode, the ADC 20
samples are passed to the CMF 36, which gathers the energy
of the recertved UWB pulses together, thereby compensating
for the smearing eflect of the multi path channel. The
resulting output pulses are passed through the timing and
carrier recovery loops to compensate for any offset, and then
into despreader 40. Despreader 40 applies the same pseudo-
random noise (“PN”’) spreading sequence used in the trans-
mitter (not shown) to generate the burst, and integrates over
the burst. As despreader 40 does not know 1f a logic_1 or a
logic_0 1s being transmitted, it despreads at both possible
locations to produce two estimates. These two estimates
provide the soft mput to the Viterb1 decoder 42, which
produces a maximum likelithood estimate of the bt
sequence. The first section of the packet to be demodulated
1s the PHY header (“PHR”), which contains information
about the data rate and the number of octets transmitted. As
1s known, this 1s protected by a single-error-correct-double-
error detect (“SECDED”) code. Once the PHR 1s decoded,
the relevant information 1s extracted to allow the demodu-
lation, 1.e., recovery, of the data payload. The remaining
payload 1s then passed through the Viterbi decoder 42 to
Reed-Solomon (“RS”) decoder 44 to correct any errors or
report errors that cannot be corrected.

As shown 1n FIG. 3, 1n the acquisition mode, the 1nstan-
taneous phase error estimate 1s derived front the output of
correlator 24 as follows:

1. The accumulated samples, Sr[14:0] and Sr[14:0], are

quantized and the conjugate calculated 1n logic block 56;
2. The complex correlated samples from resampler 54 are

multiplied by the conjugate by multiplier 58; and
3. The products are summed by summer 60 to produce the

complex 1stantaneous phase error estimate phasor, com-
prising Sr[135:0] and Si1[15:0].

As shown 1 FIG. 4, in the data mode, the complex
instantaneous phase error estimate phasor simply comprises
the outputs of despreader 40, comprising, Sr[15:0] and
S1[15:0].

The instantaneous phase error estimate phasor 1s then
converted to a corresponding angle by logic block 62. As
shown 1n FIG. §, the complex error estimate phasor consists
of two 17-bit signed numbers. The angle of the phasor 1s
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determined by dividing the imaginary component of the
phasor, S1[15:0], by the real component, Sr[15:0]. Ideally the
resulting quotient would then be passed to an 1nverse tangent
function to compute the exact angle; however, for the
purposes of our carrier recovery algorithm, we have deter-
mined that the quotient per se 1s a suilicient approximation
to the angle. To simplity the division computation, we first
identify the sign and quadrant of the phasor, and then
compute the absolute value of the real and imaginary parts.
These absolute values are then passed to the division com-
putation, and the resulting angle 1s post-processed to map it
into the appropriate quadrant/sign. The remapped estimate 1s
then subjected to rounding and saturation to produce the
signed 7-bit mstantaneous phase error estimate, S[0:-5], 1n
radians.

The structure of carrier loop filter 48 can be seen in
greater detail in FIG. 6. As shown, the mstantaneous phase
error estimate 1s passed through a proportional gain arm 48a
and an integral gain arm 48b. The gains, K and K, are
controlled by a gear-shifting algorithm to allow the loop to
lock quickly, and then to rapidly tighten to a narrow band-
width to minimise the impact of noise on the carrier recovery
algorithm. The gear shifting 1s controlled by a counter (e.g.,
see, FIG. 7) that counts the number of phase error estimates
supplied to the loop, and selects a respective scaling factor.
(The default gear shifting table 1s described below.) The
filtered phase error estimate i1s accumulated 1n a carrier
phase accumulator 48c to track the over-all phase error, and
to adjust the instantaneous phase error to track frequency
errors ol up to +/-40 ppm.

When recerver 10' transitions from acquisition to data
mode, the rate of update of the carrier recovery loop 48 will
change (from the preamble symbol interval to the data
symbol 1nterval); this requires that the integral term in the
carrier loop filter 48b be scaled to compensate for this
change as follows:

TABLE 1
Carrier Loop Filter Scaling Table
Preamble Data Scale
Symbol Symbol Factor
Q92 1024 33/32
1016 10124 129/128
Q92 8192 & * (33/32)
1016 8192 8 * (129/128)

In data mode, we have determined that the application of
the phase rotation in a single “lump” at the end of each
symbol has a negative impact on the performance of the
receiver. For the 6.8 Mb/s case, the phase 1s applied at the
end of a group of 8 symbols, so the symbols towards the end
of this group sufler from 1ncreased phase error as compared
to those at the start. Similarly for the 850 kb/s case, the
symbols representing a logic_1 will have a higher phase
error than those representing a logic_0. Worst of all 1s the
110 kb/s case, which will sufler from a phase error increase
throughout a symbol and, depending on the hop position of
the symbol, will have an effectively random phase error to
start with 1f the carrier oflset 1s high enough. To compensate
for this, our preferred embodiment will smooth the phase
rotation during the data demodulation phase.

As shown 1n FIG. 7, our approach 1s to scale the filtered
phase error estimate and apply 1t to the accumulator more
often than once per symbol. In the case of 850 kb/s, the
filtered phase error will be scaled down by a factor of 2 and
accumulated twice (1.e., every 64 clock cycles) during the
phase update interval. (See, e.g., FIG. 8.) This means that
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instead of the phase adjustment being applied 1n a single
lump at the end of the interval, 1t will be distributed over the
course of the symbol, thereby allowing the despread data
towards the end of the interval to have a more accurate phase
correction. In the case of 6.8 Mb/s, the filtered phase error
will be scaled down by a factor of 8 and accumulated 8 times
(1.e., every 16 clock cycles) during the phase update interval.
(See, e.g., FIG. 9.) In the case of the 110 kb/s, the filtered
phase error estimate will be scaled down by a factor of 64
and accumulated 64 times (1.e., every 16 clock cycles)
during the phase update interval. (See, e.g., FIG. 10.) The
despreader 40 will control when the phase rotation 1is
applied, so that the phase rotation 1s updated just before it 1s
needed for demodulation of a burst.

In our preferred embodiment, we implement a register-
based field programmable gear shifting mechanism. Ten
gears may be configured; one 1s reserved for demodulation
mode, allowing mnine acquisition gears. Fach gear 1s
assigned: a count at which 1t 1s activated; a K, value; and a
K. value. Writing a value of logic_0 as the count for a gear
other than the first gear terminates the gear shifting table;
whilst still switching to the demodulation gear when the
acquisition phase 1s over. Note that two sets of demodulation
coellicients must be specified, one for the 110 Kbps data rate
case, and one for the 850K and 6.81 Mbps cases. The default

values for each of the available programmable registers are
given 1n the following table:

TABLE 2

Carrier Recovery Loop Gear Shifting Table

Register Count K, K,

CRO 0 0x8: 3 * 27° 0x7: 273
CR1 12 0x7: 3 * 2~/ 0x7: 273
CR2 20 Ox6: 3 * 278 Ox6: 274
CR3 32 Ox6: 3 * 27° Ox6: 274
CR4 40 0x5: 3 * 27° 0x5: 27>
CR5 64 Ox4: 3 * 2-10 0x5: 27>
CR6 128 0x3: 3 * 2~ H Ox4: 27
CR7 192 Ox2: 3 * 2712 Ox4: 27°
CRR 256 Ox1: 3 *2°13 0x3: 2~/
CRO9 1023 0x0: 3 * 214 0x3: 2~/

The K factors are coded as follows:

Minimum Maximum Decode

Count 1 1023 Sample count on which
to apply gearing values

Ki 0x0 OxXA 0x0 =27 x (272 + 279
0x1 =27"9% (272 + 27
0x2 =27 % (272 +27)
0x3 =2"5x (272 +273)
Ox4 =2""%x (272 +27)
0x5=2"°% (272 + 27
0x6 =27" x (272 + 27)
0x7 =2"*%x (272 +279)
0x8 =2 x (272 +27°)
0x9 =22 x (272 +27°)
OxA=2"1x (2724279
0xB-0xF - invalid

Kp 0x0 0x7 0x0 = 00
0x1 = 277
0x2 = 275
0x3 =27/
Ox4 = 27°
0x5 = 27°
0x6 = 274
0x7 = 27>

Under very noisy conditions, the carrier recovery loop
may fail to lock correctly. This will result in a preamble
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rejection in the accumulator 26 (if this mode 1s enabled),
ellectively giving the carrier recovery loop another shot. The
timing recovery loop can still fail to lock, however, and 1t
does not get another chance since by the time this has an
cllect the preamble will likely be confirmed.

Preferably, LUT 50 updates the SIN (3-bits signed) and
COS (5-bits signed) values under the control of accumulator
26 during acquisition mode and by despreader 40 during
data mode. This 1s in order to prevent phase changes being
applied at times when the data 1s important to the algorithm
in question, so it must be applied outside of the impulse
response during acquisition, and outside of a burst position
during demodulation.

Rotator 52 takes the SIN and COS values from LUT 350
and applies them to the incoming data vectors. This rotation
1s applied to the correlator 24 outputs during acquisition, and
to the CMF 36 outputs during data demodulation. As shown
in FI1G. 12, the first stage, T0, selects between the registered
outputs of correlator 24 and CMF 36 depending on the
mode. The second stage, T1, performs the 4 multiplications
that are required for a full complex multiplication, these
multiplication results are then registered. The third stage,
12, sums the real components and the imaginary compo-
nents of the complex multiplication, applies rounding to
return the rotated samples to a precision of 7-bits (signed)
and registers them for the output. Therelfore the total latency
of the rotator 52 1s four clock cycles, C0-C3.

Our timing estimation 1s based on an early-late gating
algorithm. As illustrated 1in FIG. 3 and FIG. 4, the source of
data for this algorithm i1s dependent upon the phase of
reception: during acquisition mode, the necessary timing
information 1s dertved from the output of CMF 36; and,
during data mode, the despreader 40 provides the necessary
timing information. In both cases the information 1s used to
generate an instantaneous timing estimate. This estimate 1s
conditioned and passed into a timing loop filter 64 typical of
a second order loop. The timing loop f{ilter 64 output
provides sample-level timing adjustment information to the
resampler 54 during acquisition mode, and clock cycle level
adjustments to the accumulator 26 and despreader 40 during
data mode.

As shown 1n FIG. 12, during acquisition mode, the timing,
estimate 1s derived from early/on-time/late samples from the
output of the CMF 36. Once the preamble has been detected,
the accumulator 26 will start writing CIR coeflicients to the
CMF 36. As noted before, the output of the correlator 24
provides an 1stantaneous noisy estimate of the CIR. As the
timing oflset error accumulates 1n the accumulator 26, the
position of this estimate within the symbol will slowly vary.
Quantizing the correlator 24 output and feeding 1t into the
CMF 36 result 1n a correlation peak at the output of the CMF
36 corresponding to the position of the noisy impulse
response estimate in the correlator 24 output symbol. In our
preferred embodiment, the functions of quantisation of the
correlator 24 output and routing to CMF 36 are performed
by resampler 54.

As the timing of the incoming signal changes, the position
of this correlation peak in the output of the CMF 36 will
move. In general, this movement will be gradual relative to
one preamble symbol duration and therefore can be tracked.
The accumulator 26 provides a timing flag to indicate when
the correlation peak 1s expected at the output of the CMF 36.
This flag 1s based on the latency of the accumulator 26 and
CMF 36 relative to the estimated impulse response location.
Initially, this will be very accurate as the timing phase error
will be negligible, but, as the phase error accumulates, the
peak will move, thus providing the desired timing informa-
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tion. The correlation peak 1s 1deally the on-time sample, with
the early and late samples being the one immediately
preceding and following the on-time sample respectively.
These three samples are passed to a phase detector 66 (see,
FIG. 3) that computes an instantaneous timing phase error
for the timing loop filter 64.

During demodulation, the despreader 40 provides dedi-
cated early and late outputs 1n addition to the normal on-time
output used as part of the demodulation process. These
outputs are provided for both possible burst positions (de-
pending on 1f the data 1s a logic_0 or a logic_1); thus, an
carly instantaneous decision 1s needed 1in order to identity
which of the two sets of early/on-time/late samples to use in
computing the instantaneous timing phase error estimate.
Once this decision 1s made, the computation 1s performed
and the error passed to the the timing loop filter 64.

The phase error estimation 1s based on the previously
described early/on-time/late samples. A difference compu-
tation 1s performed by computational block 68. The differ-
ence between the early and late values 1s computed and
checked against the on-time (on-time should be greater). If
the on-time value 1s negative or zero (after conditioning),
then the data 1s unreliable and the phase estimate zeroed. The
difference 1s divided by twice the peak and the result
checked to be less than 0.75 (otherwise 1t 1s considered
unreliable) and passed out as the instantaneous timing error
estimate 1n the format S[-1:-4]. This 1nstantaneous timing
error estimate 1s then passed on to the timing loop filter 64.

As shown 1 FIG. 12, timing loop filter 64 comprises a
proportional gain arm 64a and an integral gain arm 64b. The
gains, Kp and Ki are controlled by a gear-shifting algorithm
to allow the loop to lock quickly and then rapidly to tighten
to a narrow bandwidth to minimise the impact of noise on
the timing recovery algorithm. The gear shifting 1s con-
trolled by a counter (e.g., see, FIG. 7) that counts the number

of timing error estimates supplied to the loop and operates,
in one example, as follows:

TABLE 3

Timing Estimation Loop Gear Shifting Table

Number of samples K, K,
0-5 0 0
5-28 31/(277) 0
28-80 31/(279) 20/(271h
80-120 15/(277) 5/(271h

120 onwards 11/(279 1/(271h

Timing loop filter accumulator 64c accumulates the lower
noise estimate of the timing phase error to track the timing,
phase error and adjust the sampling phase error between O
and +15.875 samples. Timing loop filter 64 also develops
phase mcrement (“Inc”) and phase_decrement (“Dec’) sig-
nals that are used to adjust the timing 1n units of 16 samples
because they either drop or add a clock cycle delay in the
accumulator 26 (during acquisition) or despreader 40 (dur-
ing demodulation). Therefore, 1if an adjustment of -2.5
samples 1s required, then phase_inc 1s used to mtroduce an
oflset ol —16 samples, while the phase error drwmg resam-
pler 40 will apply a correction of +13.5 samples, giving the
overall required phase adjustment of -2.5 samples. Simi-
larly, for example, an adjustment of +19.125 samples may be
achieved by applying a +16 sample adjustment with the
phase_dec signal, followed by an additional +3.125 sample
correction in the resampler 34. By way of illustration, a
suitable embodiment of resample 54 1s 1llustrated 1n FI1G. 13.




US RE48.,832 E

13

The carrier recovery loop needs to lock quickly 1n order
to successiully receive the signal, whereas the timing recov-
ery loop can take longer. As a result, 1f the carrier recovery
loop fails to lock soon after the preamble 1s found, then the
preamble will be rejected, allowing the carrier recovery loop
another chance to lock. The timing recovery loop, however,
does not get a second chance, so, to improve the chances of
lock, the timing recovery loop can be seeded with an
estimate based on the carrier loop integrator. Preferably,
seeding 1s enabled via the use of a control signal: 11 the state
of this signal 1s, e.g., logic_0, then timing seeding does not
take place and the gearing table (see, below) must be set up
to allow for this (1mitially wide bandwidth to allow acqui-
sition, then narrowing as the lock improves); but, if the state
of this signal 1s, e.g., logic_1, then timing seeding 1s enabled
and the loop 1s assumed close to lock from the outset, and
a more aggressive gearing table can be used. In our preferred
embodiment, seeding i1s enabled by default.

We have determined that the value of the loop integrator
in the carrier recovery loop can be used to seed the loop
integrator 1n the timing recovery loop, thereby giving the
timing recovery loop a jump start and enhancing the chances
of 1t locking. The formula we prefer to use to compute the
seed value 1s:

I.. =(Scale)(I

Oy )

where:
I =timing loop integrator;
I__=carrier loop integrator;

F =sampling rate; and
F _=carrier frequency.
Since F_ and F . are related this 1s simpler 1n practice:

Fc (MHz) Channel Scale Factor
3494.4 1 1/7
3993.6 2, 4 1/8
4492.8 3 1/9
6489.6 5,7 1/13

As shown 1n FIG. 14, we prefer to allow the carrier recovery
loop to settle on a good quality estimate before seeding the
timing recovery loop; we define the delay 1n terms of the
carrier recovery loop gearing counter and prefer to make this
threshold value programmable. Once this gearing counter
threshold value 1s reached, the value held in the carrier
recover loop itegrator 1s scaled according to the table above
(depending on the channel setting) to produce a timing seed
value with the precision S[-1:-15]. Rounding does not need
to be applied to this computation, just truncation, because
the computation 1s a one-time event 1n the receiver 10" and
does not take part 1n a recursive loop—therefore the bias
introduced by not rounding will not accumulate to cause
significant 1naccuracy.

In our preferred embodiment, we 1mplement a register-
based field programmable gear shifting mechanism. Ten
gears may be configured; one is reserved for demodulation
mode, allowing nine acquisition gears. Fach gear 1s
assigned: a count at which 1t 1s activated; a K, value; and a
K. value. Writing a value of logic_0 as the count for a gear

other than the first gear terminates the gear shifting table;
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whilst still switching to the demodulation gear when the
acquisition phase 1s over. Note that two sets of demodulation
coellicients must be specified, one for the 110 Kbps data rate
case, and one for the 850K and 6.81 Mbps cases. The default
values for each of the available programmable registers are
given 1n the following table:

TABLE 4

Timing Estimator Detfault Programmable Gear Shifting Register Values

Default

Register  Value Count [9:0] K, [14:10] K, [19:15]
TRO OXEFR000 0 0 31
TR1 0x8141E 30 5 16
TR2 0X58428 40 1 11
TR3 0X00000 0 0 0
TR3 0X00000 0 0 0
TR5 0X00000 0 0 0
TR6 0X00000 0 0 0
TR7 0X00000 0 0 0
TR 0X00000 0 0 0
TRO 0X5A161 N/A L8 (110 Kbps) 11
where:

Value comprises a 20-bit variable expressed in hexadecimal format;
Count comprises bits [9:0] of the Value;

K1 comprises bits [14:10] of the Value; and

Kp comprises bits [19:15] of the Value.

The K factors are coded as follows:

TABLE 5

Gear Shifting Register Value Decode

Minimum Maximum  Decode
Count 1 1023 Sample count on which
to apply gearing values
Ki 0x00 Ox1F 0x00 = 00
0x01 =1x27"/
0x1F =31 x 27/
Kp 0x00 Ox1F 0x00 = 00
0x01 =1 x 27/

O0x1F = 31 x 277/

Computing Angle of Incidence:

In a practical coherent recerver, it 1s necessary to track the
carrier of the transmitter. For example, 1n the system of FIG.
16, both receivers 70 will be doing this, but because of
different noise mput mixed with the received signal, they
will not necessarily do 1t 1dentically. In, for example, the
clock tracking loop shown in FI1G. 3, the correlator output 1s
accumulated to identily the channel impulse response, but
before 1t 1s accumulated 1t 1s rotated by a carrier correction.
Because this rotation 1s likely to be diflerent 1n each of the
receivers 70, 1t must be undone 1n order to calculate the
phase diflerence between the two carriers. For example, with
reference to FIG. 3, during an angle of incidence calculation
mode, the rotator 52 can be rendered 1noperative (or, alter-
natively, LUT 50 can be configured to output a fixed rotation
of O[]); otherwise, the logic 46 works as described above.
The phase diflerence between the two carriers 1s therefore

the diflerence between the angles of the first paths in the
accumulators minus the individual phase corrections that
have been applied at the time the accumulation of the
channel impulse response stops and i1s measured. FIG. 21
shows the calculated angle of arrival when repeated, using
this method, on 100 separate packets. In the test, the actual
angle of arrival was —3[ ] and the antennas were separated by
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one wavelength. The carrier frequency used 1n this test was
4 GHz, and the standard deviation of the error was 2.1

We propose two ways to solve the ambiguity 1n solutions
that occurs at an antenna separation of more than Y2 a
wavelength. First, we measure the time of arrival of the
packet at each antenna. The angle of incidence that 1s most
consistent with the measured time of arrival differences is
the one chosen. Take the example shown 1in FIG. 18. If a 1s
measured as —125° then there are two possible values for O
either —-20° or +40°. If the signal arrived at antenna A {irst,
then —20° 1s the correct but if the signal arrives at antenna
B first, then +40° 1s correct. Second, we resolve the ambi-
guity 1s by sending two packets but at different carrier
frequencies. FIG. 20 shows an example of the relationship
between a and 0 for two different carrier frequencies.
Because the curves are diflerent, only one of the possible
solutions occurs at both carrier frequencies. For example, 1f
0, the angle of incidence was —50° then a at 4 GHz would
be measured as +90° which could correspond to an a of
either —50° or of +15°. At 6.5 GHz would be measured at
—90° which could correspond to an a of either —-50°, 10° or
+24°. Since —50° 1s the only solution in common, it must be
the correct one. Of course 1n practice, noise 1n the system
means that the common solution will not be exactly the same
so 1t will be necessary to choose the solution which has the
smallest diflerence 1n the two sets of possible solutions.

Even if the two receivers 70a and 70b are fed from the
same clock, 1t may happen that the delay of this clock to one
receiver 1s different to the delay to the other receiver. In this
case there will be a fixed phase diflerence between the
carriers. However, this phase difference can be calibrated,
¢.g., by measuring a at a known angle of arrival and
subtracted from a, before applying the formula of Eq. 6.

Rather than supplying the two different PLLs, 76a and
76b, with the common crystal 72, there are other ways to
synchronize the receivers 70, e.g, the two receivers 70a and
70b could be synchronized by supplying both with a clock
from a single PLL, e.g., the PLL 76a.

Although we have described our invention in the context
of particular embodiments, one of ordinary skill in this art

will readily realize that many modifications may be made in
such embodiments to adapt either to specific implementa-
tions. By way of example, it will take but little effort to adapt
our invention for use with a different ADC scheme when 1t
can be anticipated that the target application will not be
subject to significant levels of m-channel CW interference.
Further, the several elements described above may be imple-
mented using any of the various known semiconductor
manufacturing methodologies, and, 1n general, be adapted so
as to be operable under either hardware or software control
or some combination thereof, as 1s known 1n this art.
Alternatively, the several methods of our invention as dis-
closed herein in the context of special purpose receiver
apparatus may be embodied in computer readable code on a
suitable computer readable medium such that when a gen-
eral or special purpose computer processor executes the
computer readable code, the processor executes the respec-
tive method.

Thus 1t 1s apparent that we have provided an improved
method and apparatus for use in the receiver of a UWB
communication system to determine angle of incidence. In
particular, we submit that such a method and apparatus
should provide performance generally comparable to the
best prior art techniques but more efliciently than known
implementations of such prior art techniques.
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The mnvention claimed 1s:

1. In a radio frequency (“RF”) system comprising an RF
transmitter, a first RF receiver having a first antenna, and a
second RF recerver having a second antenna, the first and
second antennas being separated by a predetermined dis-
tance, d, a method comprising the steps of:

[1] in the first Jand second receivers] receiver, using

[respective] a first Jand second] clock tracking [loops}

[oop to synchronize the carrier phase of [said] the first
receiver to the transmitter and in the second receiver,

using a second clock tracking loop to synchronize the

carrier phase of the second receiver to the transmitter,

[2] 1n the transmitter, transmitting an ultra-wideband
(“UWDB”) signal having a predetermined carrier wave-
length, A;

[3] 1n the first recelver:

3.1] receiving the transmitted UWB signal;

3.2] developing a first phase value as a function of the
complex baseband impulse response of said received
UWRB signal; and
[3.3] correcting the first phase value by subtracting the

phase of the first clock tracking loop;

[4] 1n the second receiver:

4.1] recerving the transmitted UWB signal;

4.2] developing a second phase value as a function of
the complex baseband impulse response of said
received UWB signal; and

[4.3] correcting the second phase value by subtracting
the phase of the second clock tracking loop;

[5] developing a phase difference value, ., as a [function
of] difference between the corrected first and second
phase values; and

[6] developing an angle of arrival, 0, of the transmaitted
UWRB signal relative to the first receiver as a function
of d, A and .

2. The method of claim 1 wherein, if d 1s at least A/2, step

[6] 1s further characterized as:

[6] developing a plurality of angles of arrival, 0, of the
transmitted UWB signal relative to the first receiver
according to the following:

A

1 .
2nd’

0 =sin

the method further comprising the step of:

[8] 1n the first and second receivers, determining respec-
tive first and second times of arrival of the transmitted
UWRB signal; and

[9] selecting one of the plurality of angles of arrival as a
function of the first and second times of arrival.

3. The method of claim 1 wherein, if d 1s at least A/2, step

[6] 1s Turther characterized as:

[6] developing a plurality of angles of arrival, 0, of the
transmitted signal relative to the first receiver according
to the following:

lml

=k

8 =sin~

the method further comprising the step of:
[8] performing steps [1] through [6] using a first carrier
wavelength A ;
|9] performing steps [1] through [6] using a second carrier
wavelength A, different than the first carrier wave-
length A,; and
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[10] selecting one of the plurality of angles of arrival as

a Tunction of the first and second carrier wavelengths.

[4. A non-transitory computer readable medium including

executable 1nstructions which, when executed 1n a process-
ing system, cause the processing system to perform all of the 5

steps of a method according to any one of claims 1, 2 and

3]
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INVENTOR(S) : Gavin Marrow et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

Column 1, Line 65, replace “we will hold” with --we will bold--.
Column 3, Line 26, replace “recerved front the transmitter” with --received from the transmitter--.

Column 4, Line 36, replace “more 1s advantageous two reasons” with --more 1s advantageous for two
reasons--.

Column 6, Lines 61, 62, and 65, replace “T,” with --To--.
Column 7, Line 2, replace “T,” with --To--.
Column 8, Line 51, replace “derived front the output” with --derived from the output--.
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