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Abstract

The emerging satellite telecommunication industry has
seen substantial progress in the design and manufacture
of low-cost, low-power transceivers which interface di-
rectly with Low Earth Orbit (LEO) Telecom Satellites.
Herein, we describe the architecture of a joint GPS-
LEO navigation receiver which tracks LEOS in conjunc-
tion with GPS in order to rapidly resolve cycle ambigu-
ities on both the GPS and LEQO signals. The objective
is to achieve centimeter-level navigation performance
using pre-existent LEO transceiver hardware, designed
for low-cost data communication. The obstacles to
be overcome include: synchronization of the LEO and
GPS receivers, precise time-tagging of carrier-phase
measurements without the use of hardware accumula-
tors and latches, accommodating different frequency-
dependent phase lags for each of the receiver paths, and
the ability to scale the number of trackable LEO satel-
lites and/or antennas in firmware. Different techniques
for performing the integrated phase measurement, con-
sistent with these objectives, are discussed. We de-
scribe the radio-frequency hardware, together with an
efficient information smoother which we apply to the
estimation of cycle ambiguities.

1 Introduction

Accuracy, robustness, power consumption and cost are
some crucial performance criteria for precision naviga-
tion systems. In recent years, the makers of differen-
tial navigation receivers have been pushing the perfor-
mance envelope by advancements in VLSI design, signal
processing techniques, enhanced differential correction
data, and precision radio-frequency circuitry. As back-
ground, we will consider some of the leading techniques
for precision navigation.

Navcom Technologies NCT-2000D [12] is an integrated
L-band INMARSAT/GPS receiver for high-accuracy
differential GPS applications. The dual-band GPS re-
ceiver tracks C/A, P1 and P2 code with a purported
carrier-measurement precision on the order of 1 cen-
timeter. Navcom’s WADGPS system achieves posi-
tioning accuracy on the order of 30 centimeters over
the CONUS, using carrier-smoothed code [5] corrected
for ionospheric effects, based on differential corrections
from 8 reference stations, and broadcast by Geosta-
tionary satellites. Trimble’s BD750 is a dual frequency
RTK receiver which decrypts P-code using the Super-
trak™™ technology. Position accuracies of 2 centime-
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Figure 1: Architectural overview

ters horizontal and 3 centimeters vertical are achieved
with latencies of less than 20 milliseconds, and baseline
distances of up to 10km. These, and similar, high-end
receivers are priced for retail at several thousand Dol-
lars. In the low cost, low-power arena, TChip Semicon-
ductor has issued an advance information data sheet
describing the TJ1004, a superheterodyne GPS front
end chipset, which integrates an on-chip oscillator, and
generates a sign-magnitude output. The chip purport-
edly draws 6mA of current in the fully active state.

The performance of the receivers described by this pa-
per hinges on the enhanced geometry achieved by com-
bining GPS with LEO satellites. We describe algo-
rithmic techniques which facilitate reduced cost and
power consumption in these centimeter-level naviga-
tion receivers. The system we describe can achieve
centimeter-level accuracy without any need for expen-
sive dual-frequency GPS hardware. For example, a
front end with similar performance criteria to those
of TChip, described above, could be employed for the
GPS segment.

2 System Overview

Fig. 1 presents a schematic overview of the system
[9, 10, 3, 7, 8]. The central components are the Navstar
GPS satellites, the LEO satellites, the user and refer-
ence receivers. The user and reference track the ab-
solute carrier phase of the Navstar satellite signals to-
gether with the absolute carrier phase of multiple LEO
satellite signals. The term “absolute” means that the
phase measurement is accumulated over time and is
not modulus 27. The geometric diversity achieved pri-

marily by the motion of the LEOS enables the user
receiver to resolve the integer cycle ambiguities on the
Navstar satellite signals as well as parameters related
to the cycle ambiguities on the LEO signals, and con-
sequently to position itself with cm-level accuracy rel-
ative to the reference receiver. The reference receivers
are similar to the user receiver, and track only a single
frequency downlink from each of the visible satellites.
The reference receivers then convey their carrier-phase
measurements to a control center where the differential
corrections are computed. This differential data is con-
veyed to the user receiver via a satellite data channel,
or via terrestrial infrastructure. Thus far, only a ter-
restrial data connection has been employed. By using
reference phase prediction techniques, the data channel
needs to be active in bursts every 5-10 seconds, where
each burst conveys less than 1 Kbit of data.

3 The Effects of Geometry

This section present a brief intuitive explanation for
the geometric benefits of the LEO signal. Fig. 2 de-
scribes a hypothetical scenario where a user tracks a
single LEQ satellite, together with two GPS satellites.
For the sake of simplicity, the reference station is ig-
nored, the signals are assumed noise-free, the user re-
ceiver clock has no offset from GPS time, and the user
as well as the GPS satellites are assumed to be station-
ary in EBEF co-ordinates over the course of tracking.
Based on the phase measurement of the GPS signals,
the user receiver can be placed at any of the vertices
of the indicated lattice. The structure of this lattice is
determined by the geometry of the GPS satellites, as
well as the wavelength of the GPS L1 signals. Since the
cycle ambiguity, or bias parameter, for the LEO is not
initially known, all the user can directly measure is the
change in phase as the LEO moves from one position
to another. Each of these measurements place the user
on a hyperboloid in space. After several such measure-
ments, the user may be placed at the intersection of
all of these hyperboloids. Notice that the user’s posi-
tion estimate is infinitely sensitive to disturbance on the
axis perpendicular to the plane of the page. Nonethe-
less, the additional information from only a single LEQ
is sufficient to resolve on which vertex of the lattice the
user resides.

4 Experimental Results

References [7, 8] describe in some detail the experimen-
tal results achieved by this technique, as applied to the
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Figure 2: Geometric Interpretation of the Advantages
of a LEO Satellite Signal

Orbcomm satellites in combination with GPS. We will
not discuss these results in detail here. Data from a
single pass of one Orbcomm satellite will serve to indi-
cate the level of performance for which the receiver was
designed. Notice that the LEO passed almost directly
overhead when this data was taken. This type of pass
is, of course, atypical. Ideally, multiple LEQO satellites
would be tracked simultaneously. The evolution, in fig
3, of a lower bound on the probability of selecting the
correct set of integers illustrates the performance im-
provement that is provided by the LEQO satellite. Note
from fig. 4 and fig. 5 respectively that cycle ambigui-
ties are resolved in well under one minute, and that the
resulting position errors fit roughly within the volume
of a golf-ball.

5 Phase measurement firmware

In this section, we describe the technique by which
phase is accumulated and measured for the LEO satel-
lite downlinks. The two techniques which will be dis-
cussed are designed for the following objectives:

e The time-tagging of the phase measurements must
be synchronized to GPS time with a precision of
100nS in order to achieve distance-equivalent er-
rors less than 1mm [3, 7].

e The phase-tracking assembly should be imple-
mented without the need for additional hardware,
such as phase accumulators or registers which
would need to be strobed by signals synchronized
to the GPS hardware.
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Figure 3: Evolution in the lower bound on the prob-
ability of selecting the correct set of integer cycle am-
biguities. Probability is plotted using the GPS signals
alone, as well as for the GPS signals combined with a
single Orbcomm satellite signal.
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Figure 4: Maximum-likelihood integer estimates over
60 seconds of tracking GPS satellites together with a
single Orbcomm satellite. Notice that the cycle ambi-
guities are resolved after roughly 25 seconds of tracking

The latter requirement is motivated by the desire that
centimeter-level navigation should be achievable on pre-
built receiver hardware (such as portable data devices).
While changes to the microprocessor firmware are rela-
tively cost-efficient and easily implemented, changes to
device hardware can require considerable additional in-
vestment. In addition, as more processing is performed
in firmware, rather than hardware, the size, cost and
power consumption of receivers goes down.
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Figure 5: Position errors after resolving the cycle am-
biguities on GPS and a parameter related to the cycle
ambiguity on an Orbcomm satellite. Notice that 95%
errors fit roughly within the size of a golf-ball.

5.1 Implementing an Open Loop NCO
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Figure 6: Block structure of a generic hardware NCO

The first phase-measurement technique involves imple-
menting a firmware model of the NCO, which is driven
by the same commands that are uploaded to the hard-
ware NCO. Consider the operation of the NCO illus-
trated in fig. 6. The phase of the NCO is incremented
by A¢ every - seconds, where f, is the oversampling
frequency. he phase output by the NCO is mod-
ulus 232, consequently 232 corresponds to 27 in the
sine/cosine lookup table.

The microprocessor is driven by 4 signals:

e Symbol Ready (sym-rdy) - From the LEQ correla-
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Figure 7: Interrupts which drive the open loop model
of the NCO implemented in firmware

tor hardware to indicate that an integrated symbol
is ready for downloading to the microprocessor.

o GPS Marker (gps-mrk) - This is a digital clock
signal, of 50% duty cycle, the leading edge of which
marks one GPS epoch, synchronized to GPS time.

e Slow Synchronization Signal - This signal is also
synchronous to GPS time. It is a pulsed signal,
with period substantially slower than gps-mrk. It
is used to synchronize the initial sampling times of
the LEO and GPS receivers.

o Clock Signal (clk) - This signal is tied to the oscilla-
tor of the GPS receiver. The timing standard used
by the LEO microprocessor, as well as f, must be
synchronized to this signal. The simplest approach
is to drive all the LEO hardware with clk signals
coherent to fox-

In the following description, illustrated in fig. 7 we
focus attention on the sym-rdy and the gps-mrk sig-
nals, which are fundamental to the phase measurement
routine. The sym-rdy marker is a strobe generated by
the LEO hardware at the symbol rate of the LEO sig-
nal, symbol-rate. Sym-rdy causes a hardware interrupt
which initiates an iteration of the phase-locked-loop
control law, at the end of which a new A¢ is uploaded
to the 32-bit counter. The time at which this upload
occurs, measured according to the clk signal, is clkqq;.

The phase measurement in the GPS receiver is asso-
ciated with the leading edge of the gps-mrk signal. In
the LEO receiver, the gps-mrk leading edge initiates an
interrupt, which records the current time, clk.,,, and
measures the change in oscillator phase since the last
epoch. Consider the time-line of interrupts as shown in
fig. 7, where we have assumed that —r—= > 1 GPS
epoch. The labels clkigst, clkeurr, Adast and Adeyrr
are assigned assuming the phase increment is being cal-
culated at the epoch marker 2.



At each gps-mrk interrupt, the calculation of phase for
the open-loop NCO proceeds as follows:

If Clkadj > clkigst
Geurr = Prast + (clkagj — clkiast) Adrast
+(clkeurr — clkag;) Adcurr
else
Geurr = Prast + (clkcurr — clkigst) Abeurr (1)

A discussion of the accuracy of this open loop NCO is
in the appendix.

5.2 Implementing the Phase Tracking
Assembly in Firmware
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Figure 8: Design of a software PLL for tracking multi-
ple Orbcomm satellites

While the previous approach is computationally cheap,
the system is not scalable i.e. a dedicated hardware
NCO is necessary for each satellite being tracked. In
order to surmount this problem, we have developed
firmware to implement the entire Phase Locked Loop
(PLL) for multiple parallel channels. The block dia-
gram of fig. 8 describes the operation of the software
PLL. The technique described here was implemented on
a TMS320 Microprocessor operating at a clock speed
feir &= 20M Hz, and with the assumption of a maxi-
mum signal bandwidth (including Doppler) of 15kHz
L. It will be clear from the description how the rel-

1Based on the UHF downlink of the Orbcomm satellites, op-
erating in the UHF band assigned to Little LEOS

evant parameters would change for different hardware
and signal configurations. The first digital mixer multi-
plies the incoming signal with a constant tone 1000H z
below the lowest expected spectral component of the
signal. The signal is down-shifted to avoid saturation
of the correlators, and again filtered to enhance SNR
out of the correlator outputs. 2 The correlator output
is sampled at 30KHz, just above the Nyquist rate [11].
The three segments of each channel’s PLL which are
clocked at 30kHz, and for which code needs to be very
efficient, are the software NCO, the mixing, and the
filtering of the mixed signal.

The NCO is implemented using a cosine lookup ta-
ble, the filter is implemented using a direct-form II
[11] implementation of a 200Hz Butterworth lowpass
filter. The rate of phase accumulation by the NCO
is determined by 3 inputs: the Doppler-aiding parame-
ters, the frequency offset estimated by the carrier refine-
ment algorithm, and the output of the pll control law.
The Doppler-aiding parameters are the coefficients of
a third-order polynomial model of the Doppler-shifted
frequency as a function of time. This model is derived
from simple ephemeris prediction software using Ke-
plarian TLE’s, and a second order Earth Gravity Model
[14]. The Doppler-aiding parameters determine the ini-
tial frequency of the NCO, which is accurate to within
100H z for Orbcomm. The bandwidth of the digital
filter must be large enough to accommodate the initial
NCO frequency error, but small enough to filter out the
signals of other satellites. The firmware implementing
the mixers, filters and NCO for the two channels ex-
ecutes each iteration in 250 cycles of f.;. Five LEO
channels can co-exist without exceeding the processing
capabilities of the TMS320 microprocessor. The out-
put of the filters is sampled at a rate of 1K Hz. Since
the bandwidth of the pll is roughly 10H z, the NCO fre-
quency must be refined before the pll control law can
be closed. This refinement is implemented by means
of a 128-point FFT of the filtered, downsampled sig-
nal, followed by a quadratic interpolation to identify
the residual carrier offset. Once the carrier is refined,
the phase-offset is sensed with a Costas Discriminator.
A digital AGC is used to achieve unity magnitude for
the signal entering the discriminator. The gain varia-
tion of the AGC is filtered to a bandwidth of roughly
7Hz. The high-speed segment of the PLL is driven by
the sym-rdy interrupts, the slower segment is driven
by the gps-mrk interrupts. In order to avoid memory
conflicts, the phase computation is performed only in
the sym-rdy interrupt routine. The gps-mrk interrupt
routine records a timestamp, and the phase associated
with that timestamp is found by interpolation.

2In the case of Orbcomm, a non-CDMA signal, the correlator
code is set to all 1’s to implement a low-pass filter.



5.3 Construction of Receiver Hardware

Fig. 9 displays the Mark I hardware which was imple-
mented for tracking the Transit satellites of the (now
retired) Navy Navigation Satellites System.

Figure 9: Receiver hardware, Mark I, designed for
Transit Satellite Downlink. Both user and reference
receivers are shown.

The hardware for Orbcomm was re-designed to fit onto
a single pc-board, so that the joint GPS and LEO
receivers could be co-located in a single RF-ghielded
20cm x 12¢m x 10cm box. Fig. 10 shows the Mark
IT hardware for tracking the UHF downlink of the Or-
bcomm satellites, and other Little LEQO constellations
operating at UHF.

Figure 10: Mark II: Receiver hardware for tracking the
Orbcomm Satellite downlink synchronously with GPS.

The board consists of 4 layers; all RF lines requiring

shielding are on layers two and three. These lines are
enclosed in a Faraday cage constructed by creating cop-
per pour zones on the top and bottom layer, and con-
necting them by vias. Care was taken to spatially sepa-
rate the RF and digital signals on the board, as well as
to maintain a separate analog and digital ground. The
RF (analogue) ground is floating, and is connected to
the digital ground by a 10 Ohm chip resistor.

6 Receiver Software

6.1 Estimation Strategy

In this section, we describe an iterative smoothing
technique which estimates integer cycle ambiguities to-
gether with the relative phase-lags between different
paths of the receiver front end. The technique is very ef-
ficient computationally, so that integers can be resolved
in near real-time, and phase can be sampled at a rate of
10H z or more. For an in depth discussion of the data
reduction technique, refer to [3, 7]. In this explanation,
we will skip the details of how the phase measurements
are post-processed and how the clock and cycle ambi-
guity parameters are redefined. We will simply assume
that we can decompose the set of parameter updates
into a set of time-dependent updates, namely position
and clock estimates A#(t), and time-independent up-
dates, An:

ax = | 449 | @

The elements of An = [AN,...ANg]? are treated as
real numbers by the smoothing routine, however all
save one are integer valued [7]. We assume, without
loss of generality, that the real-valued parameter, which
accommodates the difference in phase lag between the
LEO and GPS channels, is ANg. We model the evo-
lution of parameters between phase measurements as a
Markov process

Ax(tg) = Ax(tg—1) + w(tg) (3)
where

E{wty)w(ts)"} = Q)

Ty — 00



This process [2] is based upon the idea that the param-
eters n are constant for all phase measurements and
that no assumption is made about the user’s motion,
nor about the clock drift of the receiver, between mea-
surements. After post- processing the integrated phase
measurements, we may model the phage prediction er-
ror at time f; with a linear approximation:

Ay(ty) = H(tg)Ax(tr) + v(tr) (5)

where v, is a disturbance with distribution
N(0,R(t)). Hi(ty) is the estimation matriz [3, 7]
and Ax(f;) is the set of updates to the parameter
estimates.  Denoting the covariance of our post-
measurement parameter estimates Ax(tp) as P(tz),
the Kalman filtering equations for this system are [6]:

P(t5) "' = (P(tr1) + Q(ts—1)) "
+H(tr) "R(tr) " H(ts)

A% (t) = Ax(tp_1) + P(tx)Htx) TR(t) !
(Ay(ty) — H(tr)A%(tk-1))  (6)

If phase-lock is attained on a new satellite s during
parameter estimation, the initial covariance of the pa-
rameter estimate AN, is very large; this can cause com-
putational difficulties. Consequently, we use instead an
information form of the Kalman filter ([2], [13], [4])
where we define an information matrix

] -1

Sen(t )
Sn(tkk) :| (7)

() =P()" = | p g

_[ Se(tr)
| Sen(ts)”

Py (tr)
Pn (tk)

and an information vector v(t;) = S(tx)AX(#x). These
definitions, together with the disturbance model of equ.
(5) allow us to considerably reduce the smoother com-
putationally. By taking the limit of o, — 00, the up-
dates (6) can be implemented using block-matrix oper-
ations:

0 0
S(tr) = |: 0 Pn(tk)_l
B [ 0 0
T 1 0 Sp(tr—1) — Son(tr—1)"Se(tr—1)""Son(te—1)

] - E () R () (1)

v(tr) = S(te) A% (tp—1) + H(tx)R(tr) "
(Ay(tg) — H(tg) A% (tr—1))

~ [ 0 0
T L 0 Sn(tk—1) — Sonlts—1)"Se(ts—1)""Sen(tr—1) |
| Ao ] 4 H(0) R Ay (e

0

In order to emulate the batch solution, the filter is
passed forward and backward over the data. For the
backward pass, simply interchange the £;_; and { in
equ. (8), and start with initial conditions S(tx) = 0
and v(ty) = 0. The S(t;) and v(t) from forward and
backward passes are linearly combined

and the parameter updates are then found according to
A% (t,) = S(tk)_lv(tk).

Assuming the noise assumptions are accurate, it makes
no difference which Ax(¢;) in the sequence k =1... N
is used to update the constant parameters n. This is
born out in practice. It is simplest to take the param-
eter updates from the last measurement epoch ty:

i 0+ An(ty) (12)

The smoothing and updating process is repeated until
the elements of A%X(t;) become negligibly small. When
that condition occurs, we check that we may select in-
tegers with acceptable integrity by lower-bounding the
probability of correct integer detection, as described in
[7, 8, 1]. If the integrity is sufficient, one final pass of
the smoother is initiated. This final pass sets up the pa-
rameter estimates and covariances for an integer search
routine. For those parameters that are integer-valued,

[ Vi (tk—1) — Son(te—1)"So(tr—1) " ve(tr—1) |
+H(t,) TR (t:) LAy (), v(to) = 0

~—

9)



we seek to preserve their integer nature in calculating
the phase prediction error, so that this information can
be exploited in the integer-search operation. Conse-
quently, on the final smoothing pass, before calculating
the phase prediction error of equ. (5), the relevant pa-
rameters are rounded off:

ﬁi<—|—ﬁiJ,i:1...S—2 (13)

After the final smoother pass, we find the covariance of
the constant parameters

P,.(tn) = (Sn(tn) — Sen(tn)"Se(tn) ' Senltn))

The covariance matrix for the integer-valued param-
eters can now be found from the relevant rows and
columns of Pn: P, « Pu(tn)i5_21.5-o- Simi-
larly, the preliminary estimates of the integer param-
eters, as discussed above, are obtained from the es-
timated bias updates of the final smoother pass z2 =
[Ang(tn) ... Ang_a(tn)]. We are now ready to search
for the integer solution as described in [8].

7 Conclusions: Highlights of this
Receiver Architecture

The joint GPS-LEO receiver is able to resolve cycle
ambiguities with greater integrity, in less time, than is
achieved by stand-alone GPS receivers since it makes
use of the geometric diversity provided by the rapid
angular motion of the LEQOS. In order to minimize the
cost and power consumption of the joint receiver, the
precisely timetagged integrated phase measurements
can be performed in firmware. This facilitates the use
of pre-existed hardware designed for data communica-
tions, and enables one to scale the receiver to track mul-
tiple LEO satellites and/or multiple antennas without
the addition of hardware. The information smoothing
technique employed to resolve cycle ambiguities on a
mobile platform is designed to be computationally ef-
ficient. This data reduction procedure typically deter-
mines the bottleneck for the rate at which phase can
be sampled. The technique for estimating frequency-
dependent phase lags of the dual frequency system en-
ables one to achieve centimeter-level accuracy without
the use of expensive, pre-calibrated rf components in
the receiver front end.

8 Appendix

8.0.1 Accuracy of the Open Loop NCO

It is not intuitive that an open-loop NCO can maintain
a measure of the integrated phase which remains ac-
curate enough for cm-level navigation. However, it has
been experimentally verified that this is achievable. f
Must be sufficiently high that time-tagging can be per-
formed to a precision of roughly 0.1uS. Consider the
case, illustrated in fig.7 at gps-mrk 2, where the lead-
ing edge of the timing signal occurs just after clkcyrr
is recorded. Since this leading edge will be included
in the phase measurement at gps-mrk 3, the fractional
cycle missed in meaguring the current epoch will be in-
cluded in the subsequent measurements. Hence errors
due to time-tagging precision are not cumulative. The
accumulated timing pulses counted over several gps-
mrk interrupts will be accurate to within 2 cycles of
fek- Since the A¢ are continually changing, inaccu-
racy will arise if each A¢ is not applied for the correct
period of time in equ.(1). Since the phase acceleration
of the LEO downlink doesn’t exceed 100/ Hz/sec, for
the pathological case, this phase error would be roughly
100Hz/sec x 10~ "sec = 10~ 5¢cycles/sec or 10~ 3cycles
after integrating phase for 1 minute 40 seconds. This
error is below the system noise floor.

8.0.2 Common-mode Timing Errors for the
Open Loop NCO

The TMS320 microprocessor registers one interrupt if
the relevant pin is held low for one or two falling edges
of an internal clock, which operates at a frequency of
fgi. If the pin is held low for more than two falling
edges, multiple interrupts may be recorded, with catas-
trophic effects on phase tracking. In order to generate
the correct pulse at each rising edge of the gps-mrk sig-
nal, the hardware of fig. 11 is used. Notice that the de-
lay from the instant of the gps-mrk leading edge to the
recording of c¢lk.,, in the microprocessor is composed
of the digital delay in generating the interrupt pulse, as
well as the firmware delay in initializing the interrupt
service routine. So long as this delay remains constant
over the course of tracking, it is incorporated into the
frequency-dependent phase-lag estimated for the LEO
front end - see section (6.1). The only variable delay is
that between the leading edge of the gps-mrk and the
leading edge of the interrupt pulse, indicated as Aclk
in the figure. The hardware in fig. 11 maintains this
delay below 100nS.
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Figure 11: Segment of synchronization hardware for
generating the millisecond interrupt signal

8.0.3 Numerical Precision of the Open Loop
NCO

The primary error affecting accuracy of the open-loop
NCO is quantization noise. The numerical precision
with which the calculations of equ. (1) are performed
can result in considerable quantization errors for 32-
bit floating point processors. This numerical precision
issue is resolved using extra 32-bit words, and purely in-
teger multiplication in assembly firmware as illustrated
in fig.12.
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Figure 12: Sequence of steps used to avoid quantization
noise for the open loop NCO

The register Aclk stores the number of cycles between
ms-mrk interrupts, which requires 14 bits. The register
A¢ stores the increment made to the counter upon each

leading edge of the oversampling clock, f,. A¢ requires
29 bits. We initialize a register A¢y,,, which stores
the lower 16 bits of A¢, and A¢,,, which contains the
upper 13 bits of A¢, down-shifted. We then perform
the integer multiplications:

Tlow = A¢lowAclk
Tupp = APyppAclk (14)

The upper 16 bits of 7y, are moved to the lower 16
bits of Rypp, the lower 16 bits of ry;;, are moved to bits
16-31 of Ry,. The accumulation of the phase is then
performed

¢low = ¢low + Rlow + Tlow (15)

and the any carry is stores in ¢. Then,

Pupp = Pupp + Rupp + ¢ (16)

10w Now stores the fractional component of the phase
(232 corresponds t0 2), ¢ypp stores the number of com-
plete cycles. Note that these phase measurements need
to be scaled by é“’:, the number of cycles of the over-
sampling clock for each cycle of the timing signal, in

order to obtain the true phase measurement.
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