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1
ARCHITECTURE FOR ULTRA-WIDEBAND
RADIO

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Non-Provisional Application of co-
pending U.S. Provisional Application No. 60/870,510, filed
Dec. 18, 2006, which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

Ultra-wideband (UWB) pulse technology has been at work
for many years, but has traditionally been used in classified
applications. However, with the increasing number of wire-
less applications, UWB is seen as a technology that can
provide additional bandwidth utilization without contributing
to spectral crowding.

UWB communication employs the technique of transmit-
ting high frequency, narrow-duration impulses, referred to as
monocycles, through the radio channel. This provides a very
large signal bandwidth from which the name arises. UWB
radio does not require base band modulation. This character-
istic makes this mechanism very desirable because, unlike
other radio technologies, it is carrier-less and, thus, provides
the potential for reduced complexity and reduced cost.
Although UWB promises to provide a viable, cost-effective,
high-bandwidth, short-range radio communication channel
solution there are considerable obstacles to overcome.

The example in FIG. 1 illustrates a multi-user transmission
10 where there are three users 20, 22, 24 each with a unique
orthogonal time hopping code where each bit is represented
by three pulses (i.e. 20a, 205 and 20¢). A radio communicat-
ing with user 20 transmits three pulses, 20a, 205 and 20c,
having a bit duration 12 and frame duration 14, for each bit
sent in the time sequence designated to user 20. The receiver
used by user 20 compares the received data against its desig-
nated time sequence until it finds a match then the receiver
synchronizes to the received signal.

Once synchronized to the received channel, the receiver
must then decode the modulated data. This design supports
On-Off Keying (OOK) and Pulse Position Modulation
(PPM). OOK is a type of modulation in which data pulses are
switched on and off to modulate between 1 and 0 as shown in
FIG. 2. PPM is a type of modulation in which the position of
the monocycle is time-shifted to indicate a 1 or 0, as shown in
FIG. 3.

As seen in the example above, impulse radio relies on a
high precision timing sequence. The transmitter must broad-
cast pulses at precise time intervals constituting a specific
time hopping sequence that repeats for each bit time. For a
receiver to detect a broadcast, the receiver must generate its
own local timing sequence that matches that of the transmit-
ter. The receiver uses its local sequence to determine precisely
the times that pulses are expected. The receiver then checks
for pulses at each of these sequence times and then sums the
total number of pulses detected over the length of the code
sequence. This sum gives an indication of whether or not a bit
is present.

SUMMARY OF INVENTION

The invention includes methods, and associated appara-
tuses, for generating, transmitting, detecting, and processing
radio signals across a wireless interface using Ultra Wideband
(UWB) pulses. A transmitted reference approach is utilized.
The radio signal include pairs of UWB pulses with each pair
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of pulses separated by a fixed time delay. The two pulses are
then combined to provide for improved noise immunity.

Transmitter topology, receiver topology, and methods for
generating and transmitting a radio signal at a transmitter and
detecting and processing a radio signal at a receiver are pro-
vided.

The transmitter of the present invention comprises a
sequence generator and an output state. The sequence gen-
erator generates and outputs a timing sequence and the output
stage generates an impulse radio signal using the timing
sequence. The impulse radio signal generated by the output
stage comprises a plurality of dual pulses spaced intime. In an
embodiment of the transmitter, the sequence generator modu-
lates the timing sequence using a data signal and outputs the
modulated timing sequence. In another embodiment, the
sequence generator performs a type of modulation chosen
from the group comprising On-Oft Keying and Pulse Position
Modulation. In an embodiment, the transmitter further com-
prises a high-speed serializer, which is used to create a high-
speed timing sequence by multiplexing the timing sequence.
The output stage may generate the impulse radio signal using
the high-speed timing sequence. The output stage may be
selected from the group comprising PIN diodes, Schottky
diodes, varactor diodes, step recovery diodes, avalanche tran-
sistors, and passive resonant circuits. In a further embodi-
ment, the output stage comprises a buffer to generate a first
and a second output, a delay line to delay the first output, and
amultiplier to multiply the delayed first output and the second
output. The delay line of the output stage may delay the first
output by about one pulse width. The output stage further may
further comprise an amplifier to amplify the generated radio
signal. The amplifier may be a variable gain amplifier. In
another embodiment, the output stage further comprises an
antenna to transmit the radio signal into a propagation
medium.

The method for generating and transmitting a radio signal
in a transmitter-receiver environment comprises generating a
timing sequence and generating an impulse radio signal using
the timing sequence, wherein the radio signal comprises a
plurality of dual pulses spaced in time. In an embodiment, the
method further comprises modulating the timing sequence
using a data signal. The type of modulation performed may be
chosen from the group comprising On-Off Keying and Pulse
Position Modulation. In another embodiment, the method
further comprises creating a high-speed timing sequence by
multiplexing the timing sequence. The plurality of dual
pulses may be generated using the high-speed timing
sequence. In a further embodiment, generating a plurality of
dual pulses using the high-speed timing sequence comprises
generating a differential pair of sequences from the high-
speed timing sequence, comprising a first differential
sequence and a second differential sequence, delaying the
first differential sequence, and multiplying the delayed first
differential sequence and the second differential sequence.
The first differential sequence may be delayed by about one
pulse width. In another embodiment, the method further com-
prises amplifying the generated radio signal. In a further
embodiment, the method comprises transmitting the radio
signal into a propagation medium.

In general, the receiver comprises an antenna, fixed analog
delay line, multiplier, local serializer with a sequence match-
ing the receiver, digital delay lines, a low noise amplifier and
logic fan-out buffer along with an array of D flip-flop pairs.
Each flip-flop pair is enabled, at fixed time increments, to only
detect signals at a precise time; the timing is controlled by the
pseudo-random sequence generated by the local serializer.
This topology reduces the clock rate requirements of logic



US 8,351,483 B1

3

required to process the received signal. The receiver utilizes a
local tuneable oscillator that is controlled by detecting the
phase change of the incoming signal and applying compen-
sation to maintain the phase alignment and clock synchroni-
zation of the receiver to the clock reference of the transmitter.

The receiver comprises a receiving stage to receive a radio
signal having at least two pulses separated by a fixed time; a
signal modification stage to create a signal with an amplitude
larger than the received signal using the received signal; a
fan-out stage to replicate the larger-amplitude signal to gen-
erate at least two duplicate signals; a sequence generator stage
to serially generate a timing sequence; at least one sequence
delay stage to replicate the timing sequence into a plurality of
timing sequences each delayed in time; and at least one
counter control stage to output a counter value responsive to
the pulse of one of the duplicate larger amplitude signals and
one of the plurality of timing sequences.

In an embodiment, the receiver may further comprise an
amplification stage to amplify the received radio signal. The
amplifier stage may comprise at least one of a low-noise
amplifier and a variable-gain amplifier.

In another embodiment, the signal modification stage com-
prises at least one signal delay stage to delay the received
radio signal by the fixed time between the at least two pulses;
and at least one combination stage to combine the delayed and
received radio signals. The at least one combination stage
may comprise a multiplier to multiply the delayed and
received radio signals or a summer to sum the delayed radio
signal.

In an additional embodiment, the receiver further com-
prises an amplification stage to amplify the larger amplitude
signal. In a further embodiment, the fan-out stage comprises
at least one buffer. The sequence generator stage may com-
prise a serializer. The plurality of timing sequences may be
consecutive timing sequences delayed in time by less than
half of the fixed time between the at least two pulses of the
original timing sequence.

In another embodiment, the receiver further comprises at
least one removal stage to remove at least one expected nar-
row-band interferer, having a known period. The removal
stage may comprise at least one delay stage to delay the larger
amplitude signal by the period of the expected interfering
signal; and at least one multiplier to multiply the delayed
larger amplitude signal and the expected interfering signal.

The counter value may be used to increment a counter. The
counter value may be responsive to the rising edge of the
pulse of the duplicate larger amplitude signal. The counter
value may be reset after a predetermined delay time.

In a further embodiment, the counter control stage com-
prises a first D flip-flop with an input connected to the timing
sequence and a clock connected to the pulse of the duplicate
larger amplitude signal to output the value of the timing
sequence according to the pulse of the duplicate larger ampli-
tude signal; and a second D flip-flop with an input set to a
predetermined value and a clock connected to the output of
the first D flip-flop to output the predetermined value when
the clock is enabled by the timing sequence. The value of the
timing sequence may be output on the rising edge of the pulse
of the duplicate larger amplitude signal.

The method of receiving and processing a radio signalin a
transmitter-receiver environment comprises receiving a radio
signal having at least two pulses separated by a fixed time;
creating a larger-amplitude signal having an amplitude larger
than the received signal; replicating the larger-amplitude sig-
nal to generate at least two duplicate signals; generating a
timing sequence; replicating the timing sequence into a plu-
rality of timing sequences each delayed in time; and output-
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4

ting at least a first counter value responsive to the value of one
of the plurality of timing sequences being valid when the
value of one of the at least two duplicate signals transitions.

Creating a signal with an amplitude larger than the ampli-
tude of the received signal may comprise delaying the
received radio signal by the fixed time between the two
pulses; and combining the delayed and received radio signals.
Combining the delayed and received radio signals may com-
prise multiplying, summing, or superpositioning the delayed
and received radio signals.

In an embodiment, the method further comprises amplify-
ing the received radio signal. In another embodiment, the
method further comprises amplifying the larger amplitude
signal.

In an additional embodiment, the method further com-
prises removing an expected interfering signal, having a
known period, from the larger amplitude signal. Removal
may comprise delaying the larger amplitude signal by the
period of the expected interfering signal; and multiplying the
delayed larger amplitude signal and the expected interfering
signal.

In another embodiment, the method further comprises
summing the value of the first counter value over a first period
of time; summing the value of at least a second counter value
over the first period of time; tracking the number of pulses that
occur over a second period of time using at least the first two
sums; and adjusting the phase of the timing sequence using
the number of pulses.

In a further embodiment, the plurality of timing sequences
are consecutive timing sequences delayed in time by less than
half of the fixed time between the at least two pulses of the
original timing sequence.

In another embodiment, the method for receiving and pro-
cessing a radio signal in a transmitter-receiver environment
comprises receiving a radio signal having at least two pulses
and a fixed time between the at least two pulses; generating a
pseudo-random sequence with a time hopping code matching
that of the transmitter; detecting the pulses at a plurality of
times dictated by the pseudo-random sequence; summing the
pulses at a plurality of time periods during the times dictated
by the pseudo-random sequence during; and determining the
phase shift of the incoming signal over a bit time. The method
may further comprise synchronizing the clock of the receiver
with the received radio signal using the phase shift of the
incoming signal. In a further embodiment, the method further
comprises demodulating the data in the received radio signal
using the phase shift of the incoming signal.

The method of adjusting the frequency of a receiver’s local
clock reference in a transmitter-receiver environment such
that its average frequency equals a transmitter’s clock’s fre-
quency comprises receiving a signal having a time hopping
code; providing a local clock reference having a time hopping
code matching the time hopping code of the received signal
wherein the local clock reference’s frequency and the
received signal’s frequency are at an offset; adjusting the
local clock reference until temporary alignment is achieved;
tracking the change in phase between the adjusted local clock
reference and the received signal; and adjusting the frequency
of the local clock reference to minimize the phase change.
Tracking the change in phase between the adjusted local
clock reference and the received signal may comprise count-
ing the number of pulses of the received signal detected at a
plurality of time positions over a first bit time; and counting
the number of pulses of the received signal detected at a
plurality of time positions over a second bit time later in time
than first bit time. Adjusting the frequency of the local clock
reference to minimize the phase change may comprise com-
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paring the counts detected at the plurality of time positions of
the first bit time to the counts detected at the plurality of time
positions of the second bit time; increasing the frequency of
the local clock reference responsive to the counts shifting to
the right from first bit time to the second bit time; and decreas-
ing the frequency of the local clock reference responsive to
the counts shifting to the left from first bit time to the second
bit time. In an embodiment, the method further comprises
creating a timing sequence from the adjusted local clock
reference.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 is a graph showing multi-user transmission with
time hopping access.

FIG. 2 is a graph showing On-Off Keying (OOK).

FIG. 3 is a graph showing Pulse Position Modulation
(PPM).

FIG. 4 is a block diagram of an illustrative transmitter
topology.

FIG. 5 is ablock diagram of an illustrative pulse generator.

FIG. 6 is an illustration of pulse generator waveforms.

FIG. 7 depicts a monocycle after smoothing.

FIG. 8 is a block diagram showing an illustrative receiver
topology utilizing an array of D-Flip Flip pairs.

FIG. 9 is ablock diagram of an alternate (relative to FIG. 8)
receiver configuration.

FIG. 10 is a top-level block diagram of clock synchroniza-
tion.

FIG. 11 is a graph of an example initial distribution of
counter inputs.

FIG. 12 is a graph of'an example subsequent distribution of
counter inputs (TX frequency higher).

FIG. 13 is a graph of'an example subsequent distribution of
counter inputs (TX frequency lower).

FIG. 14 is a graph of clock acquisition.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

The invention includes methods, and associated appara-
tuses, for generating, transmitting, detecting, and processing
radio signals across a wireless interface using Ultra Wideband
(UWB) pulses. A transmitted reference approach is utilized.
The radio signal include pairs of UWB pulses with each pair
of pulses separated by a fixed time delay. The two pulses are
then combined to provide for improved noise immunity.

Transmitter topology, receiver topology and methods for
generating and transmitting a radio signal at a transmitter and
detecting and processing a radio signal at a receiver are pro-
vided.

Transmitter

The transmitter timing sequence is used to directly stimu-
late an Ultra Wideband (UWB) pulse generator circuit. The
radio utilizes a dual-pulse transmitted reference transmission
scheme. The transmitter emits at least two pulses separated
with a fixed time delay. Similar work exists on transmitting a
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6

single reference pulse for a series of pulses. The current
invention, in contrast, emits at least two pulses every time.

FIG. 4 is a block diagram of an illustrative transmitter 30
topology for use with the current invention. Transmitter 30
includes sequence generator 40 having serializer 41, pulse
generator 42, variable gain amplifier 44a and gain control
44b. In the example shown in FIG. 4, only On-Off Keying
(OOK) and Pulse Position Modulation (PPM) are supported,
yet other embodiments are contemplated. All modulation
functions are performed in sequence generator 40. In a pre-
ferred in embodiment, sequence generator 40 is a Field Pro-
grammable Gate Array (FPGA) or an Application Specific
Integrated Circuit (ASIC). Variable gain amplifier 44a and
gain control 445 are not functionally required but add the
flexibility of controlling the power output for various embodi-
ments.

A high speed sequence is preferred for optimal perfor-
mance. The high speed sequence is provided using a digital
sequence generator and a high speed serializer to multiplex
the sequence rate into the gigahertz range.

There are currently many practical methods for generating
radio frequency impulses. These include various diodes (PIN,
Schottky, varactor, and step recovery), avalanche transistors,
and passive resonant circuits. The factors influencing the
choice of implementation include cost, complexity, size,
pulse repetition rate, and stability.

The circuit topology of pulse generator 42 for use in a
preferred embodiment is shown in FIG. 5. Pulse generator 42
includes buffer 50, direct pulse line 52, delayed pulse line 54
and multiplier 56.

While other pulse generator approaches are contemplated,
apreferred embodiment consists of a high speed PECL buffer
with a delay line and multiplier. PECL offers high speed with
a high output voltage swing. The PECL buffer generates a
differential pair that is typically routed differentially. In one
embodiment, one of the signal outputs will be delayed by one
pulse width then multiplied.

Tustrative waveforms 62, 64, 66, 68 resulting from the
pulse generator are shown in FIG. 6 as ideal square wave-
forms. When waveform 62 is output from the buffer (FIG. 5,
50) along the direct pulse line (52) and waveform 64 is output
from the buffer (50) along the delayed pulse line (54), wave-
form 64 is delayed resulting in the waveform represented by
waverform 66. Waveform 62 enters the multiplier (56), fol-
lowed by delayed waveform 66, resulting in a waveform
represented by waveform 68. Inherent capacitance and induc-
tance provide filtering, which results in smoothing of the
signal to provide gaussian monocycle shape 70 as shown in
FIG. 7. A Gain Control (FIG. 4, 44B) may be required to
adjust transmit power.

The bit error rate (BER) in a UWB communication system
that employs (PPM) is given in equation 1, below:

NyEn SNR
Po=Q\ 202 |79V T

where N, is the number of pulses per symbol, E, is the
transmitted energy per pulse, d is the distance between the
transmitter and receiver, n is the path loss exponent, o* is the
noise variance, and SNR denotes the signal-to-noise ratio.
Table 1 provides an example performance calculation.

®
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TABLE 1

Bandwidth Calculation

0.4 ns Time Resolution
0.2 ns Monocycle Period
2 Integer Pulse Duration (ns)/Time Resolution
0.4 ns Pulse Duration (ns)
50% Pulse Duty Cycle (time/width)
9 Sequence Length
4 Frame Size (pulses/frame)
1 Clocks per pulse duration
14.4 Bit (symbol) Time (ns)
69.44 Bandwidth (MHz)
Power Calculation
9 Pulses per symbol (Ns)
7500 MHz  Pulse Bandwidth (MHz)
5.00E-03 bps Bit Error Rate (# errored bits per second)
-41.3 dbm/Mhz FCC Power Mask between 3.1-10.6 Mhz
7.41E-05 mW/Mhz FCC Power Mask between 3.1-10.6 Mhz
0.556 mW/Mhz FCC Max Energy Per Second
0.625 7 Energy Per Pulse
2 pathloss exponent (n)
1 noise variance (sigmaAZ)
13.52 SNR
0.64502 distance (m)
Receiver

The receiver architecture implements a correlator receiver
to detect UWB transmissions. The receiver takes the sum of
the energy received during each pulse time over the entire bit
time sequence. By detecting pulse event and then summing
the events digitally, a simplified hardware interface is
achieved.

Correlating receivers can be categorized as coherent or
non-coherent receivers. For UWB the choice between coher-
ent and non-coherent is driven by practical considerations.
UWRB relies on Time Hopping (TH) sequences for channel-
ization. A coherent receiver allows the TH sequences to be
generated serially, providing the flexibility of changing tim-
ing sequences dynamically in software. The down side of the
coherent receiver is that there is increased complexity and
cost because the design requires a local oscillator to track the
phase and frequency of the transmitter.

Non-coherent UWB receivers rely on a delay-based
approach that requires the use of analog delay lines that are
difficult to fabricate, especially for long TH sequences.
Delays in a non-coherent receiver should be long enough to
match the time between consecutive pulses in a TH sequence.
The non-coherent receiver is viable for short, fixed TH
sequences where the delay between consecutive pulses is
within the capabilities of delay lines and may provide a more
cost effective solution.

Coherent receivers need timing and channel estimation
while non-coherent receivers have less stringent timing
requirements and do not require channel estimation.

A preferred embodiment of the present invention employs
both coherent and non-coherent components. The transmitted
reference scheme of the present invention is categorized as
non-coherent because it relies on a fixed delay and detects the
signal based on the relative locations of pulses in the received
signal. This reduces the complexity of the radio because
channel estimation is not needed; however, the transmitted
reference scheme is also coherent because it provides for the
flexibility of long software-defined sequences.

The receiver of the present invention exploits the relatively
small duty cycle and long frame duration of the TH sequence
so that the data rate can be reduced. The data rate is reduced
by representing detected pulses with a signal of a lower fre-
quency, resulting in lower signal processing costs. The output
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of'the reduced data rate signals is used to increment counters
that will be sampled and then reset every bit time. The counts
are used to track the number of pulses that occurred in each
time division of the total sampled window. This information
is used to determine the phase shift of the transmit clock for
synchronization purposes as well as the data encoded by PPM
or OOK. The architecture described herein supports PPM
where the pulse is shifted by an amount less than the sampling
window. FIG. 8 shows the configuration used to detect UWB
transmissions.

A block diagram of an embodiment of the receiver’s UWB
detection system 80 of the present invention is shown in FIG.
8. The first stage of receiver’s UWB detection system 80
amplifies signal 81 received at antenna 82, using Low Noise
Amplifier (LNA) 104 and Variable Gain Amplifier (VGA) 83
having gain control 105. After amplification, signal 81 is split
into two signals, first signal 85 and second signal 86. Second
signal 86 is delayed using fixed analog delay 84, which has a
time delay that matches the time delay, t, between pulses sent
by the transmitter. Multiplier 88 takes delayed signal 87 and
first signal 85 as input and multiplies the two, causing super-
position of the two and resulting in a signal peak with rela-
tively large amplitude. The signal is then amplified by second
LGA 106. This transmitted reference approach simplifies
receiver’s UWB detection system 80 by eliminating the need
for a local pulse mask generator and the high complexity of
channel estimation.

An alternative embodiment of receiver’s UWB detection
system 80, shown in FIG. 9, allows two time delays to be used
Like the previous embodiment, signal 81 is received at
antenna 82 and then amplified using LNA 104 and VGA 83,
having gain control 105. However, after amplification signal
81 is duplicated into two signals, on signal 81a and off signal
815.

On signal 81a, is again duplicated into two signals, first on
signal 85a and second on signal 86a. Second on signal 86a is
delayed using first delay 84a, which is used to indicate a one
(‘1”) in the incoming signal. Multiplier 88a takes delayed on
signal 87a and first on signal 85a as input and multiplies the
two, causing superposition of the signals, resulting in a signal
peak with relatively large amplitude. The signal is then ampli-
fied by second LGA 106a.

Off'signal 815 is also again duplicated into two signals, first
off signal 856 and second off signal 8654. Second off signal
864 is delayed using second delay 845, which is used to
indicate a zero (‘0’) in the incoming signal. Multiplier 885
takes delayed off signal 875 and first off signal 855 as input
and multiplies the two, causing superposition of the signals,
resulting in a signal peak with relatively large amplitude. The
signal is then amplified by second LGA 10654. This topology
is preferable for PPM and can be supported with the trans-
mitter architecture shown in FIG. 4. It also has the benefit of
better power spectrum because the periodic repetition of
using only a single delay is reduced.

The second stage, shown in FIG. 8, is an optional Narrow
Band Interference (NBI) canceller 89, used to reduce the
effects of a single expected narrow band interfering signal.
This stage can be replicated to remove multiple interfering
signals. NBI canceller (NBIC) 89 splits NBIC incoming sig-
nal 90 into two, first NBIC signal 91 and second NBIC signal
92. Second NBIC signal 92 is delayed by fixed analog delay
93 by half the period of the interfering signal, and then
delayed signal 94 and first NBIC signal 91 are taken as input
by multiplier 95. Multiplication of the two results in cancel-
lation of the interfering signal. This may result in replicated
pulse peaks; however, these are interpreted as multipath by
receiver 80. NBI can cause problems with this architecture
especially when the interfering signal is at a frequency higher
than the pulse duration.
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Amplification must be sufficient to provide a logic level
output to high-speed buffer 96 (FIG. 9: 96a, 965). Although
one buffer is shown in FIG. 8, the practical implementation
may require multiple buffers to fan out the signals to the
multiple loads. The output of buffer 96 (FIG. 9: 96a, 965) is
taken as clock signal 100 (FIG. 9: 1004, 1005) by a first array
of' one or more D Flip-Flops (DFF) (i.e. 97a-97; FIG. 9: i.e.
111a-1115, 114a-1145). The D-inputs of the first array of
DFFs (i.e. 97a-97j; FIG. 9: i.e. 111a-1115, 114a-114b) pro-
pogate from the timing sequence signal 101 at various time
delays. A second array of one or more DFFs (i.e. 984-98;;
FIG. 9:i.e. 112a-1125, 115a-1155b) takes the Q-output of the
first array of DFFs as its clock input. The D-input of the
second array of DFF's are tied to a logic value of one (*1”). The
output of the DFFs (i.e. 97a-97/ F1G. 9: i.e. 111a-1115, 114a-
114b) are updated with the logic level of the DFF input when
clock signal 100 rises from a low state to a high state (rising
edge) and the switching threshold of the DFFs (i.e. 97a-97;;
FIG. 9: i.e. 111a-1115, 114a-1145b) are exceeded. The peaks
of clock signal 100 can be used to switch the clock input of
high-speed flip-flops such that high frequency events can be
captured and a pulse, having a longer duration, can be gener-
ated when a peak occurs within the sample window.

The output of the flip-flop stage is provided at a fraction of
the rate of the incoming signal. Each output will toggle if a
transition is detected during a valid time sequence. The signal
can then be fed to a lower frequency device, such as an FPGA,
to count the number of transitions during a bit time. The
highest clock rates seen by this counter will be in the range of
two times the frame frequency, and most of the counter’s
processing will occur at rates below the rate of a bit time. This
allows for the use of a smaller counter and time-sharing of,
resulting in more efficient use of logic and power.

To be able to track events that occur at specific time
instances, the above edge detection method should be repli-
cated and cascaded in time by applying time delays such that
the time window (set by the timing sequence 101 pulse width)
for each edge detector overlaps the previous by at least half
the period of the time window. This is preferred because the
PCB layout will have variations in components and delays.
Overlap will help to ensure that the design is robust to varia-
tion. In addition, if some gates latch up due to meta-stability,
the results from adjacent gates can be used, providing redun-
dancy and fault tolerance. An array of one or more delays (i.e.
102a-1027; FIG. 9: i.e. 110a, 1105) are implemented by rep-
licating the timing sequence 101 generated by the receiver
into n (10 for the illustration shown in FIG. 8 and discussed
here) consecutive signals (i.e. 1034¢-103/) and delaying each
consecutive signal (i.e. 1035-103;) with respect to the previ-
ous time. First consecutive timing signal 103a continues from
original time signal sequence 101 without delay. Each
remaining consecutive timing signal (i.e. 10356-103j) is
delayed by less than half of timing sequence 101 pulse dura-
tion. These consecutive timing signals (i.e. 103¢-103;) will
each represent a specific time position and be used as D-in-
puts to DFFs of the first array of DFFs (i.e. 974-97)). The n
logic gates are each enabled at different times such that each
enable time overlaps with the next consecutive time by a
fraction
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of'the sequence time period (T,) so that n logic gates cover a
total time (t) of

If a transition occurs on the clock input of a DFF in the first
array of DFFs (i.e. 97a-97j) while the timing sequence is valid
then the output will transition high causing the output of the
corresponding DFF of the second array of DFF's (i.e. 984a-98;)
to transition high and remain high until both DFFs are reset
after time T,. The delay T, provided by an array of one or
more fixed analog delays (i.e. 994-99j), ensures that the fre-
quency (F) of the signal is now less than

Now this low frequency signal can be used to increment low
speed counters. Accordingly, each logic gate only requires
one signal for single ended or two signals for differential
signaling. This results in reduced hardware I/O requirements.

The process of matching the clock reference of the receiver
to that of the transmitter is referred to as synchronization.
Both transmitter and receiver interfaces will have separate
clock reference sources each with frequency stability to
within +/-100 ppm of each other. Oscillators with tighter
clock stability may be used to improve acquisition times.

Synchronization, in a preferred embodiment, is attained
and maintained as follows. For communication, the transmit-
ter of the transmitting radio is configured with the same TH
code as the receiver of the receiving radio. Since both clock
sources are initially unsynchronized there will be a frequency
offset between the transmitter and receiver. The codes for
each will gradually change each’s phase until both tempo-
rarily align. If phase change continues the signals would shift
out of alignment.

Because the architecture provides an array of n time steps,
the phase change is tracked once temporary alignment is
attained and then the local reference frequency is adjusted to
minimize phase change. The top-level block diagram of the
synchronization approach is shown in FIG. 10. The local
reference frequency is continuously adjusted during normal
operation so that its average frequency is equal to the trans-
mitter’s frequency. For frequency adjustment, oscillator 150
generates the receivers’ clock reference and is under the
counter’s direct control. State machine 151 controls acquisi-
tion and synchronization. Synchronization is maintained by
keeping the first received pulse centered within the whole
time window.

State machine 151 controls the process for signal acquisi-
tion. The first state of state machine 151 seeks to find a valid
signal output from correlator 152 with the local clock at an
offset. Once valid signals have been detected, marked by the
counts representing a step-like distribution across the
n-counters, state machine 151 begins to compensate for the
frequency offset between the transmitter and receiver. The
direction of clock adjustment is based on the direction of
movement of step distribution.

The distribution of count values indicating the presence of
a detected Psuedo-Random Number Sequence (PN
Sequence) as related to frequency offset are illustrated in
FIGS. 11-13. FIG. 11 shows the detection position of a PN
sequence soon after the PN sequence has been detected. The
counter number increases with time as the data is sampled.
For example, counter number 1 receives data earliest in time
and counter number 2 receives data second in time after
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counter number 1 and so on. The distributions of FIGS. 12 and
13 show two possible distributions several bit times later. In
FIG. 12, the position of the detected sequence moved to the
right of its initial location, indicating that the transmitter
clock is at a higher frequency than the local clock reference.
In this case the synchronization circuit would increase the
frequency of the local clock reference to compensate for the
detected offset. In FIG. 13, the position of the detected
sequence moved to the left of the location where it was
initially detected, indicating the transmitter clock is at a lower
frequency than the local clock reference. In this case the local
reference clock frequency would be reduced. Clock adjust-
ments are required continuously during operation of the
radio, because the exact transmitter frequency is never
attained. The adjustment process results in an average clock
frequency that matches that of the transmitter and also keeps
the detected clock sequence centered in the time window
covered by the sequence detector. If the sequence is lost, then
the detection process restarts from the beginning.

FIG. 14 gives an example of the expected behavior of the
receiver frequency during clock acquisition with time. In the
example, the local transmit reference starts at +100 ppm off
from the center frequency of the transmit clock. Once the
sequence is detected, the receiver makes an initial course
adjustment, then monitors the change in frequency and then
adjusts until the phase change is minimal. At this point it will
begin the fine synchronization adjustments. During fine
adjustments the receiver frequency will average out to match
the transmit frequency resulting in synchronization.

A voltage controlled oscillator (VCO) or numerically con-
trolled oscillator (NCO) can be used for generating the local
clock reference. The VCO requires only a single voltage input
to control the offset of the clock frequency while the NCO
requires a digital word.

The digital signal processing requirements for synchroni-
zation are simplified because the input is reduced to an array
of'n count variables where each variable represents the count
of transitions that occurred during one bit time at each of the
n time positions at each of the n flip-flops. One bit time is the
amount of time that it takes for the sequence to repeat. The
receiver’s serializer is synchronized with the counter such
that the total count for each bit period is captured and stored
so that processing can be performed at a lower rate. The
selection of appropriate data encoding methods, such as inter-
leaving and error detection and correction codes, will be
apparent to one of skill in the art given the demands of a
particular embodiment as dictated by its intended use.

It will be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention which, as a matter of language, might be said to
fall therebetween. Now that the invention has been described,
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What is claimed is:

1. A transmitter, comprising:

a sequence generator to generate and output a timing

sequence; and

an output stage to generate an impulse radio signal using

the timing sequence, wherein the impulse radio signal
comprises a plurality of dual pulses spaced in time,
wherein the output stage comprises a buffer to generate
a first output and a second output, a delay line to delay
the first output or the second output, and a multiplier to
combine the delayed first output and the second output.

2. The transmitter of claim 1, wherein the sequence gen-
erator modulates the timing sequence using a data signal and
outputs the modulated timing sequence.

3. The transmitter of claim 1, wherein the sequence gen-
erator performs a type of modulation chosen from the group
comprising On-Off Keying and Pulse Position Modulation.

4. The transmitter of claim 1, further comprising a high-
speed serializer to create a high-speed timing sequence.

5. The transmitter of claim 1, wherein the output stage
generates the impulse radio signal using the high-speed tim-
ing sequence.

6. The transmitter of claim 1, wherein the output stage is
selected from the group comprising PIN diodes, Schottky
diodes, varactor diodes, step recovery diodes, avalanche tran-
sistors, and passive resonant circuits.

7. The transmitter of claim 1, wherein the delay line of the
output stage delays the first output by about one pulse width.

8. The transmitter of claim 1, wherein the output stage
further comprises an amplifier to amplify the generated radio
signal.

9. The transmitter of claim 8, wherein the amplifier is a
variable gain amplifier.

10. The transmitter of claim 1, wherein the output stage
further comprises an antenna to transmit the radio signal into
a propagation medium.

11. A method for generating and transmitting a radio signal
in a transmitter-receiver environment, comprising the steps
of:

generating a high-speed timing sequence; and

generating an impulse radio signal using the high-speed

timing sequence, wherein the radio signal comprises a
plurality of dual pulses spaced in time, wherein the step
of generating the impulse radio signal using the high-
speed timing sequence comprises the steps of:
generating a differential pair of sequences from the high-
speed timing sequence, comprising a first differential
sequence and a second differential sequence,
delaying the first differential sequence, and
multiplying the delayed first differential sequence and
the second differential sequence.

12. The method of claim 11, further comprising the steps of
modulating the timing sequence using a data signal.

13. The method of claim 12, wherein the type of modula-
tion performed is chosen from the group comprising On-Off
Keying and Pulse Position Modulation.

14. The method of claim 11, wherein the high-speed timing
sequence is generated using a high-speed serializer.

15. The method of claim 11, wherein the first differential
sequence is delayed by about one pulse width.

16. The method of claim 11, further comprising the step of
amplifying the generated radio signal.

17. The method of claim 11, further comprising the step of
transmitting the radio signal into a propagation medium.

#* #* #* #* #*
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