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METHODS AND APPARATUS FOR DETECTING CELLULAR DIGITAL PACKET
: DATA (CDPD)

FIELD OF THE INVENTION
The present invention relates generany to methods and
5 apparatus for detecting a specxfzc kind of carrier associated
witb an "overlay" system. An "overlay"_system is one that
shares the fregquency allocation of another system on a non-
cooperating (ahd non-competing) basis. “one presentlY'preferred
_ application of the present invention "is in connection with
10 detecting a cellular Digital Packet Data (CDPD) carrier, where
' the CDPD system constitutes an overlay system vis-a-vis an

associated cellular telephone system. This embodiment is
- described herein as one exemplary application of the present
invention. However, except where they are expressly so

15 limited, the claims appearing at the end of this specification
" are intended not to be limited to embodiments for detectiﬁg
CDPD signals. | o . |
BACKGROUND OF THE IWMIOU .
The CDPD system enables wireless transmxsszon of data
20 over existing cellular systems, such as the.Advanced Mobile
" Phone System (AMPS). The CDPD system was designed to provide
data communications in the cellular freguency range without
impeding voice communications.. The system uses "mobile"
telephone channels just as a modem uses a telephene line but it
25 is designed to jump from one frequency to another when
necessary, i.e., when a nev telephone call starts in the cell.
The first live demonstrations of CDPD toock place‘in
early 1993. Advocates for CDPD believe the technology will be
inexpensive and cost effective because it builds on top of
30 existing cellular infrastructure and does not require any
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stemvis-a-vis an associated cartul ar-tafephone system This enbtPienfees

- descri bed herein as one exenplary application of the present invention. .
Wever, exGpabsib@re they are expressly so limted, the ecavssiappearing .
the end of this specification are intended not to be linited to enbodi-
nts for detecting CDPD signal's. BACKGROUND OF THE | NVENTI ON.The CDPD
stem enabl es wi rel ess transnission of-data over existing cel lul ar

St ems, SUCh_:.%grg\peeg %%V%pxgegpe t%all estmaucm method. The second method

in preferred emhadiments is a' minimum mean-squared error (MHSE)
methoed. The spectral estimation’ method of the present
inventien involves "shortlisting" the number of channels
5 scanned to a smaller number of occupied channels, In this
respect, the specttal estimation method is 1like another
_proposed COPD detection method (herelnafter sometzmes referred
to as the PRSSI method") that uses’ RSSI information to
: "shoftliét" the number of channels scanned to a smaller number
10 of cccupied channels. RSSI stands for Receive Signal stfength
Indicator. It is a common parameter measured in celluiar and
similar communication devices to determine quality of the
received signal for the purpose of choosing the best amongst a
set ofjcandida#e channels, deternmining candidate channels for
15 handoff, or perfbrming'simila: maintenance functions. It could
be dsgd #s a method to determine whether a given channel is
oécupied.by a signal of ény.kind or it is vacant. According to
the RSSI method, the mobile unit tries to identify the CDFD
channel by synchronizing and decoding each of the shortlisted
20 channels. One could detect the presence of a CDPD (or like)
' 'signal on a given channel by first attempting to receive on
that channel as if indeed the signal was there (i.e.,
'synchronize to the incoming signal), cellect a set of”biis that
form an encoded word, attempt to decode that word, and decide
25 whether the signal was of the right type based on the results
of the decoding process. thg'problem with this approach is
‘that it takes a long time to synchronize to the signal, collect -
encugh bits to form a word and decode the word to make a
- determipation about the signal. The purpose of the second
- 30 method disclosed herein is to provide a suxtable alternatxve to
'thzs “shortlisting" method. C
_ The spectral estimation method detects an overlay
signal in a channel of a prxmary system, wherein the primary
system has a plurality of channels in which the overlay signal
'35 might be present at any given time, and wherein the averlay
signal possesses a characteristié frequency, such as the symbol
clock ' freguency. The method comprises the steps of (a)

This Sheet Has Been Re'p

(TRt




3 [ RECEIVED @2/23 @85:36 1996 AT 532-7149 PAGE (PRINTED PAGE 7y 1

hone. SY&& T AVPS.  THEPERSEDRSHRIR 7 \7@’3%@& gned to provide data N0-233 Pea?
muni cations in the cellular frequency range w thout i npedi ng voice

mTuni cat i ow®.osdkes syst em uses " nobi |l e" tel ephone channélmﬂﬁgﬂmﬁé a nodem
ses a tele- ‘phone line but it i's designed to.junp fromone frequency to

not her when necessary, ie., when a new tel ephone call starts in the cell.

he first |ive denonstrations of CDPD t goié pl ace .in early 1993. Advocates-

jJor COPD bel i evdaenttrl%yriﬁtsmc 9y 1 ¥y, bShannel (s) of the primary systen are
' occupied by a signal; and identifying which, if any, of the
.signal({s) in the channel(s) identified in step (a) are an
overlay sxgnal from the overlay system. Step (b) comprzses'
5 performing a non-linear operatison on each signal to ‘enhance a
spectral component of the signal at the carrier frequency, and
maklng a decision as to whether the signal is an overlay ‘signal
. on the basis of the enhanced spectral component. -
' In presently preferred embodiments of the invention,
10 the overlay siqnai is a cellular digital packet data (CDPD)
signal and the primary system is a cellular telephone system.
In addition, in presently preferred embodiments, step
(a) further cowmprises, with respect to each channel, the
substeps of (1) receiving signal and noise components in the
15 channel; (2] proca'ssmg' the received components to enhance.

nalse components without a prescnbed spectral band relative to
naxse components within the prescribed spectral band, (3)
comput:z.ng_ the ratio of spectral components within the
prescribed spectral bangd - to the enhanced spectral components
20 without the prescribed spectral band; (4) comparing the ratio
to a. préscribed threshold value; and (5) identifying the
. chamnel as carrying a signal if the ratio exceeds the
threshold. _ :
_ The second inventive method dlsclosed herem compnses
25 the steps of (a) sampling signals in at least one channel to
obtain a prescribed number of samples for the at least one
channel; (b} computing an.err'or value for each sample on the
basis of the difference, if any, between the sample value and
the expected value; (c} 'detemining a minimum error value; (d)
30 deteminihg' an average of at least two error values; (e)
determining a ratig of the minimum error value to the average;
and (f) makinq a dec151on as to whether the signal is an
 overlay siqnal on the basis of the ratio. In presently
preferred embodiments of the second method, the error values
35 are mea'n-squared error {mse) values. '
BRIEF DBSCRIPTION OF THE DRAVINGS
' F:.gure 1 is a block diagram of the receiver of a

/_
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ellular infrastructure and does not require any additional spectrum

Pl ocati on. wa of requiring addl ti onal - frequenC| es pépussdate?
omuni cat i -ons, D uses tenporal "gaps" that occur between voice calls to
end data in bursts. (A voice call involves the period of time between t he

ialing of a nunber or reception of ‘a cal$ 40 hang-up of the handset on

ither termnal unit.) Technol ogy has been devel oped to "frequency ho g" and
eek out gapsmobilse| logliplar telephone unit, which is one preferre

environment for the present invention.
' Figures 2A-2C illustrate a simulation employing tne
inventive techniques disclosed herein. Figure 2A is a block
5 diagram of the simulator; Figures 2B, 2C and 2D are bleck
- diagrams of a CDPD transmitter 22-1, an AMPS control channel
transmitter 22-2, and a veoice channel transmitter 22-3,
respectively. i
Figuxes ‘3A and 3B depict processing techniques
10 discussed below. Figure 3A depicts two non-linear operations,
namely, ‘correlation 40 and sguaring 42; Figure 3B depicts
filtering and thresholding employing an inner product 44,
nermalization 46, and thresholding 48.
Figures 4A-4C illustrate the minimum mgan-squared _
15 error (MMSE) processing technigue, the second method disclosed
" herein. Figﬁre 42 depicts a typiéal demodulated signal; Figure
4B depicts a wavefbrm'and four contributions to the mean-
squared error;'rigure 4C schematically depicts a processor for
performing CDPD signal detection. ' '
20 . Figure 5 is a flowchart of the spectral estimation
| ~detection method discleosed herein. _ : |
_ Figure 6 is a flowchart of the MMSE detection method
‘disclosed herein. ' ' | '
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
25 B Figure 1 is a block diagram of the receiver of a
mobile subseriber unit (i,e., a cellular telephone capable of
receiving a CDPD signal), whieh represents one presently
preferred embodiment of the present invention. As shown, the
mobile unit comprises an RF (radiq frequency) converter 10, IF
30 ‘(intermediate fregquency) filter 12, limiter-discriminator 14,
analog-tofdiqital (A/D) convertor 16, post~detection filter 18,
and identification block 20. According to the present
invention, the identification block 20 comprises means fbr_
detecting a CDPD carrier in accordance with one of the two
35 methods described below. All components, with the exéeption of
the identification block 20,-are'genera11y well known to those
skilled in the art. Therefore, details of blocks 10-18 are
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‘described herein on;y'as_neceseary te explain the_present
invention,.
' A. Methed 1: Spectral Estimation Det.ction
The spectral estimation detection method provides
5§ gignal procaessing solutions through manipulation of a
' 'Idemndulated signal received by a mobxle or base station unlt._
- The present inventors have broken the detection problem into
-two parts. The first part 1nvolves the détection of any .signal
‘on the channel, and the second part involves the identification
10 of a CDPD signal among occupied channels. The next section
describes a signal detection téchnique that will identify
channels that are oaccupied by signals that have a prescribed
_signa; strength or greater. This methed serves as an
alternative to scanning the RSSI over a given set of channels.
‘15 It may be performed within a time frame of S0 bit intervals
(2.6 ms), which ie'cemparable to that proposed for the RSSI
method. ' _
A description of the CDPD deteet;on problem is
provided after the descrxpt;on.of the technique for identifylng
. 20 occupied channels. Processing techniques that will yield good
- discrimination between the various signals in the channel are
described. A simulation is then described and the sxmulatxon
. results are tabulated.
Signal Detection (Identification of Occupied Channels)
25 The CDPD signal detection problem may be formulated
as a hypothesis testing problem (see, H.L. Van - Trees,

m&wﬂw Wiley,
1968) 3 '

lﬁg:z(c) = n(t) - (1a)
Hir(t) = Flsit) +alt)  (1b)

" The received signal may be'noisefn(t) or a combination of

30 signal s(t) and noise, - Since'there'is a possibility that the

signal is transmitted or received by a moblle unxt the
eperator F represents Raylexgh fading.

~ The signal s(t) is a GMSK signal of the form:
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‘I'n addition, new personal wrel ess corrrrunl cations pr od- ucts h'a 33bee

d are being, deS| ‘gned to enpl oy CDPD technol ogy in conbining all-purpose:
bile cop i ons with the technol ogy of cellular plhoTresmanax
chi nes, gems eI ectronic mail, and pen corrputl ng. Such. products w |l
rovi de expanded conmuni-cation capab| lities to users. Therefore,  using

i St ng har dwar e t echnol ogy as a build= 7n'g block, COPD will allow data to
transmtted across . o

" _ s(t) = ,I —2-2-_§ cos {21:.&.!_: +"2uh2 a; f_: git - .i'l‘)dt] - (2)

- with the frequency pulse (see J.B. Anderson, et al., Digital
'Phase Modulation, Plenum, 1986; Cellular Digital Packet Data
System Specification, Prelim. Release V, 1.0, July 19, 1933):

oo« [ofprm (B ol (522)) ]

where T represents the symbol time (for CDPD, sym_bdl time and '
5 bit time are synonymous), E represents the energy per symbol
| interval, h = 0.5 is'the modulation index, and the ptoduct BT
is set to 0.5. The frequehcﬁy pulse g(t) has been normalized so
that the phase response g(t} satisfies conventions followed in
the representation of continuous phase modulation (CPM)
10 signals: ' '

é(c)"'f.: git)de = 0.5, L= (4)"'

Although the frequency pulse g(t) has infinite length,

implementations .commonly_tfun'cate the GMSK filter response to

three or four symbol intervals. In addition, the non-causality

of the frequency pulse signal of equation (3) is converted into

15 a delay of two symbol intervals. ' The signal detectieh

technigque has been analyzed in additive white Gaussian noise

(AWGN) channels and Rayleigh faded channels, since it must work

in stationary and mabile environments. '

' - As mentioned above _J.n connecnon with Figure 1, in one

20 embodiment the demodulator is assumed to be a limiter-

discriminator 14. The demodulated signal is mode’led at
_baseband, after IF filtering, as )

The IF filter 12 'chosen for the analysis was a four pole

______———————;——_——-.
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isting cellular networks, enabling idle v0|ce time on cellular s?%fgﬁsp?ﬂ
 filled with packets of data CDPD technol ogy, wth a data transm ssion
te of 19. 2 q§§% is up to four tinmes faster than conpet ppguydsh@heSS
rvices. '? one of the requirements of a CDPD systemis the
pability of a nDblle unit or base station unit to efficiently (i.e.,.

I ckly and reliably) |dent|fy a CDPD t rams#i ssi on. SUMMARY OF THE

ENTI ON An obj ect of the present :invention is to provide nethods

OI 10 _ @ (lL+JO03Dy (g
I+ 0* I + ? - |

Butterworth filter with cutoff at 15 kHz from the carrier.

The post-detection filter 18 -in - one presently
preferred embodiment is a twelve tap FIR filter at 76.8 kHZz
sampling rate (corresponding to four samples per symbol

5. interval) with a cuteff of 6 kHz and is roughly matched to the
' GMSK spectrum. The design of the post-detection filter is not
crucial to a discriminator detector implementation of the
receiver. Further details of the simulation aré described

- below. | o '

10 ‘The objective here is to identify a measure that
allows one to distinguish between the two hypotheses X, H,.
The limiter-discriminator has the property of converting
incident white noise within the receiver bandwidth to a.

_ parabolic_spedtral shape centered around the carrier. Thus,
15 even as the IF filter 12 suppresses incident noise at the band-
edges, the limiter-discriwinator 14 will have the effect of
enhancing those'speétral components. If noise alone were

. passing through the lxmzter—dzsctlmlnator,' the ratio of
spectral companents within the matched (post-detectxon) filter

20 bandwidth to those outside the bandwidth should be smaller than
the same ratio calculated for hypothesis H,.

Let x, represent the output "of the limiter-
discriminator 14 and let Y represent the 6utput of the poste-
detection filter (this may be, e.g., a twelve tap FIR filter

.25 with cuteff 6 XHz). The decision metric is then represented by

" 2
kxQ YN'k

Q .(XN-k - yN‘k) 2

- {6)

Rl >4

where (Xg, Xy, ... X,) are the first N samples available to make
a decision. The decision delay N was chosen to be fifty bit

intervals, or 2.6 ms, and yields acceptable receiver operatlng
characteristics.
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erI ay system (e.g., a CDPD forward channel) anong all -t he channel s . of

\t er est, mh@@@yi be | arge in nunber, depending on the sy&tgagIoCi at ed
th the over- [ay system For exanple, there nmay be up to one thousand
annels of interest to an overlay CDPD system associated with a cellular

stem This specification describes a spegtsal estimation technique for

tection of a CDPD carrier. In addition, thl S speC|f|cat|on describes a
cond net hod: t hat Ifdentification of CDPD

The problem of jdentifying a CDED signal among -all
received signals l_i\ay also be formulated as & hypothésis testing _
problem. The hypothesis testing problem i formulated as

5 follows. Thé.re are two possibilities given that the channel is
detuutaly occupied by some signal: ' o
Hyy The channel is occupied by CDPD _ (73) B

H;: The channel is not occupied by C;DPD'. . (7B

-Hypothesis H, is in turn represented by two cases: o
10 Hu:- The channel is a voice channel _ (8a)
th: The channel is a control channel. (8b)

Typically,- all Hy, cases w;ll be eliminated by the sxgnal
.datection method described above.  This is because the FSK
_ control channel has a wider bandwidth than the ¢DPD signal.
15 Moreover, the signal will have a Sti-ong spectral component at
10 kHz, which will boost the denominater of the metric in
equation (6). ' '
| The pzoeessmg techmques of the present mvent:.on (in
applications involving detection of CDPD) rely on the fact that
20 CDPD uses a digital modulation technigue with a fixed data
(symbol) rate of 19,2 kbps. As opposed to CDPD, voice'_
communications is through analog FM, and has no fixed
signalling clock  other ‘than the 6 kHz Supervisory Audioc Tone
{SAT). Control channels,’ éh the other hand, use Manchester
25 encoded FSK at a data rate of 10 Kbps.

The present lnventors have studied two procassmg
techniqgues, aimed at locking on the 19.2 kHz symbol rate of the
output of the limiter~discriminater 14.  These are
schematically depicted in Figure 3A. The first technigue,

30 i;epresented by circuit 40, correlates the output of the
discriminator with itself delayed by one-half kit interval; the
second technigue, represented by black 42 (i.e'., a square-lav
device), squares the signal. It can be shown that both these
techniques produce a éemponent at the signalling interval.

35 Assuming random data, whenever the CDPD signal transitions _
’betyéen 0 and 1 it int_rod_ucés a periodic~like segment in the
‘signal with a frequency of 9.6 kHz. It can be shown that
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‘|[r$1§?55¥/53§5/6%5t e 3 e c tPBICES LR T on TB1H8Y. The second nethod in preferred
enbodi nents is a m ni num nean- squared error (MVBE) rret hod. The spectral
.estimation nmethod of the present invention involves "shortlisting” the
‘nunber of chvgwhsniscanned to a snaller nunber of occu- piRTUSHEMHEls. |n
this respect, the spectral estimation nethod is |ike another proposed CDPD .
detection nmethod (herein- after sonetines referred to as the "RSSlI met hod")
that uses RSSI information to "shortl i st *®he nunber of channels

) squaring a corrupted periodic waveform with a fundamental
- frequency I, will produce a_dxs_c_rete spactral component at_ the
output of Eﬂe sguare-law dgvice at the trequency 2fq(see, W.B.
pavenport and W.L. Root, An Introduction to the Theory of
5- Random Signal§ and Noise, IEEE press, 1987). Power gpectral
density calculations for the correlator 40 and square-law
device 42 have confirmed this for the CDPD signal. The output
of e:.ther non-linear device should be filtered at the frequency
. of interest. A tlurd technique involving tak:.nq the fourth
10 power of the matched filter output was zejected since the
effact of higher povers of a noisy signal has the effect of
_ 'noise enhancement, leadihq to poor performance in moderate to
.lou'r signal-to-noise environments. The simplast waveform with
a fundamental frequency ‘of 15.2 kHz and a sampling rate of 76.8
15 k.Hz is the sequence
=~ {1,0,-1,0,1,0, 10,...-101}
of length N samples. The length N wvas chosen. to be 800
_samples, corresponding to 10.41 as of data, It should be noted
_ that the sxgnal ' ' ' '
20 _ = {0,=1,0,1,0,~1, o,... 1,0} _
‘has the same fundamentgl frequency as, and is orthogonal to,
cy. The ‘present invention uses the decision statistic as the
variable ' ' '

A= [Ef: pxck].'z + [E::;.pksk]z (9).

vhere p is a vector of suitable length derived from the
25 demodulated signal y Proceused using the correlator 40 or the
square law device 42 (Fig. 3A). Note that this is the DFT of
the processed signdl at a freguency of one-quarter (1/4) the

~ sampling rate or 19.2 kHz if the sampling rate is 76.8 kHz.
Eiaminatian of the spectrum of the demcdulated signal
30 subject to either of thé}non-linear processing methods shows
that a CDPD signal has a strong component at 19.2 kHz and an
FSK signal has a strong component at 20 kHz. This latter
' component is uncomfortably close to the desired component at
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anned P¥%8 a3 mﬁ"ﬁ'ﬂ%%f“%"b?é&%ﬂé%nels RSSI stands for M@ vEP14

gnal Strength Indicator. It is a cormon parameter neasured in cellular

d simlar gaguigi,gation devices to deternine quality of  pépusecsnyed

j gnal for the purpose of choosing the best anpbngst a set of candidate
annel’s, deternini ng candi date.channel s for ‘handoff, or performng simlar
intenance functions. It coul d be used=agsa~net hod to det erni ne whet her a

ven channel is occupied by a signal_of an kind or it is vacg
cording 19.2 kHz. 1In addition, since the demodulated FSK s gnal has

much greater power than the CDPD signal (this is due to the

wider deviation of the control signal); the output of the

_'tilter should be normalxzed by the average enerqgy 1n the

§ signal. This is done as follows: The frequency resclution of
the si_gnai <p, €> +J <p, 8> is 76800/N. This corresponds to

96 Hz for a duration of 800 samples. If a smaller block length

is selected, say M = 40 samples, the frequency resolution would

decrease to 1920 Hz. Therefore, a preferred normalization

10 technique uses the decision metric

| AP == [ b Pec]” E:"’ p‘SJ | %1‘0)

T (B el v [T o]

‘The effect of the above metric is essentially that of
normalizing the energy of a very narrow band filter with the
energy at the output of a filter with a broader bandwidth.
simulation Dascriptien ' B
15 The simulator implements the ent;re transmit chain for
all the signals, and part of the receive chain for the CDPD” 
mobile end-station (MES). Figqure 2A is a block diagram of the
simulaﬁor. Block 22 includes the various radio sourcés_that
are likely to produce signals present in the channel. These
20 sources are a CDFPD transmitter;22¢1, an AMPS control channgl
transmitter 22-2, and a voice transmitter 22-3. In addition,
the simulator includes a black 24 simulating Rayleigh fading,
an interpolatar 26, a block 28 simulatinq additive white
_ Gaussian noise, an adder 30, a demodulator 32 (e.g., A& llmlter-
25 discriminator), and a _detegtor 34. Blocks 32-34 of the
‘simulator correspond to blocks 14-20 of Figure 1.
Figures 2B, 2C and 2D, are block diagrams of the CDPD
transmxtter 22-1, the AMPs_contrcl channel transmitter 22-2,
and the voice channel transmitter 22-3, respectively. as
30 shown, the CDPD transmitter includes a data source, phase -
shaping GMSK filter, and a CPM modulator. The control channel
- t:ansmitter'22-2 includes a.data'source,'Mancnester encoder, .
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he nobile unit tries to |dent|fy t he- CDPD channel by synchron|2|.g and
ecodi ng. each’smtleE PCT/US94/103

. . = 12-
wideband filter, FM modulator, and 25:1 decimeter. The voice
channel ‘transmitter 22-3 includes a white noise source,
‘weighting block, gain and preemphasis block, deviation limiter,
post-deviation filter, SAT source, 2 KkHz deviation block,
5 adder, and FM modulator, donfigured'aS'shawn. The details of
these components are not part of the present invention and are
not described herein. ' B o _
- AB nantidned,' the receiver uses a limiter-
 discriminator 14 (Fig. 1) for demodulation. The front-end
20 'filteriﬁg'in the receiver is a-filter_detived by scanning the
front-end filter used in field trials. The limiter-
discriminator is 1mplemented at baseband by means of a phase
detector followed by a differentiator. The phase detector
implementatzon requlres a high sampling rate, hence the need
15§ for the lnterpolator within the waveform channel. Final signal
| -pracesslnq is performed using samples at 76. B kHz. This
amounts to four samples per CDPD symbol interval. :
Figures 3A and 3B depict the various processxng
techniques discussed above. The two non-linear operations,
20 depicted in Figure 3A, are correlation 40 and sguaring 42. The
filtering and thresholding are depibted'in Figure 3B. The
filtering and thteshblding operation employs a block 44 for
obtaininq an inner product, a block 46 for performing
. normalization, and a decision block 48. Note that, in Figure
25 3B, the magnitude is normalized usan equation (10).
An inner product is 51mply the sum of the elament~wise
product of two vectors (or time sequences}. For example, the"
- first term on the numerator of equation 10 is the sguare of the
1nner' product of vectors p and c,. Normalization is the
30 process by which the energy is the spectral band of interest
(i.e.. arqund 19.2 KHz, in this case) is divided by the energy
of the signal as a whole to remove gain factors that apply to
both energies and can bias the decision, if not normalized.
- Phis process is described?‘mathematically_ by equation 10.
35 Decision is simply the operation where_thé.decision variable
(computed in equation 10 in’ this caSé)  is compared to a
threshold and a determination is made in favor of one or the
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ortli sCEFPHarmlers. ERPDGMFHERN 53¢ 11é%Dr esence of a CDPD (or '19-RE Feis

gnal on a given.channel by first attenptlng to receive on that channel as

i ndeed th was there (i.e., synchronize to the igeOsdehss onal),
Ilect a set oﬁgﬂﬁ+s that form an encoded word, attenpt to decode that

rd, and deci de whether the signal was of the rlght type based on the
sults of the decodi ng. process. The prebggmwi th this approach is that it

kes a long tinme to synchronize to the signal, collect enough bits to form-
word and decnmmgn;hgpothe51s depend;ng oh which side of the threshold the

' decision variable lies.
Results : . :
The inner-praduct technique is not computation.
5 intens;ve since it implements a Fourier transform at a flxed
frequency on a block of data. 'rests have indicated that
acceptable dzscrxminatxon betweaen signals is obtainable by
| ’processinq 10.41 ns of data, corresponding to 200 bits. It is
| preferable to use the signal detection method described abova
10 to shortlist the channels. The processing described above'
considers the detection and false alarm probabilities in
additive white noise and Rayleigh fading. In general, the
detection probabilities do not change much between the
correlator 40 and square-law device 42. ~ However, the
15 correlatc: yields lower false alarm probabilities and,
" therefore, it is better than the square-law device. This is
~ due to the fact that the square-law device implements a
'.memoryless operation whereas correlation has the effect of
smoothing out the effects of noiseé over one~half bit interval.
20 '~ B. Method 2: Minidum Mean-Squazed Error Detection
| Identification of c¢DPD - _
As mentioned above, the CDPDvproblem may be formulated
as a hypothesis testxng problem* .
The channel is occupied by CDFD, {7a)

Hy:

25 H.,: The channel is not occupzed by CDPD, - (7b)
H,;: The channel is a voice channel, - . (8a)
Hy: The channel is a control channel. (8b)

In addition, the CDPD signal is unique in having a

- fixed pulse shape and symbol time. The second inventive method

30 is a Least Mean Squéres error approach. It may be'applied
exther recuzs;vely or through a block-proceSSLng technique.

Simulatien Doscription

As in the first method daescribed abeve, the sxmulatcr

implements the entire transmit chain for all the gignals and

35 part of the rééeive chain for a CDPD mobile end-station. The

block diagram of the simulator, along with a description of the

various radio sources that are likely to be present in the
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wor d t 022ReSEa Waber mUWPERG0EH WEHEBURN ¢ s23il6hal . The purpose of t heNE &P
thod di sclosed herein is to provide a suitable alternative to this -
shortlistingg oéiafsod. The spectral estimation method det @cr@sanoyver| ay
ignal in a channel of a primary system wherein the prinmary systemhas a
lurality of channels in which the overla ai/ signal m-ght be present at any
iven time, and wherein the overlay signat? fossesses a characteri stic

{_gggency, Succh a%%e&h ngg___%lugegc flgleg%l{_egcxa_ggle met hod conprises the

As mentioned above, the signal detection problem may
be formulated as a hypothesis testing problem stated as the
~ binary hypothesis test:

Hz(e) = ale) (1a)
H:r(c) = Fls(t) + nle) (1b)

$ The signal s(t) is a GMSK signal of the form:

5 &) = .\I -Zz—f".cos'[Zu-f,c « 2nhY, «; f_: gz - iT dr] (2){

with the frequency pulse.

g(r:) _ 1 o(zu?r.(c/’l‘ - 1/2)) _ o(zn-gr (%ﬂl—/z— ) )] | _-'(’3)

2'1‘ JInzZ

where T fepresents the synhol.time, E repfesehts the energy per
symbol interfal, h = 0.5 is the modulation index, and the
product BT is set to 0.5. The frequency pulse g(t) has been

10 normélized so that the phase response ¢(t) satisfies
conventions followed in the representatlon of continuous phase
modulation 51gnals.

gty = [* gtrrdz = 0.5, tee  (4)

Although the . frequency .puise g(t) has ihfinite length
(suppert), implementations cemmonly truncate the GMSK filter to

15 threeé or four symbol intervals. The non-causality of g(t) is
. converted into a. delay of two symbol Lntervals. The received
‘signal may be noise n(t) or a comblnatxon of slqnal s(t) and

- noise. Since there is a possiblllty that the signal is
transmitted or received by a mobile unit, the -operator F

20 represents Rayleigh féding. The techﬁique_is analyzed in

This Sheet Hag Been R

[ mm | ﬁll



«[ RECEIVED @2/23 @S: "lZ 1996 AT 532-7149 PAGE 18 (PRINTED PAGE 18) )
f (a) PHER(T r?yl ng 3 whi quncocr “gﬁ'S'PJR"éﬁasn?eTl(dg) of the primry systeﬁ’Pﬂ Fo18
ccupied by a S|gnal and identifying which, if any, of the signal(s) in.

he channel (b ok rilgified in step (a) are an overlay signacriusednosie
verlay system Step (b) com prises performng a non-linear operation on
ach signal to enhance a spectral conponent .of the.signal at the carrier
requency, and making a decision as to whasher the signal is an overlay

i-gnal on the basis of the enhanced spectral conponent.
additive wh1te Gaussian noise channels or Rayle;gh faded

channels, since it should work in stat;onary and moblle
environments, '

In one emhodlment, the demadulator is assumed to be

$ a lxmzter-dlscrxmlnatcr 14 (F1g. 1) and the demcdulated s;gnal

is modeled at baseband as in equation (S) above,_wlth the IF

filter being a four pole Butterworth filter with cutoff at 15
‘KHz from the carrier. Final signal processing is performed
ﬁsinQISamples at 76.8 kHz, which amounts to four samples pexr

10 CDPD_symboJ. interval. The post-_-dei:ection filter 18 in one
'~ preferred embodiment is a_tﬁelve tap FIR filter at 'a 76.8 kHz

. sampling rate with a cutoff of 9.6 kHz. This filter is roughly

‘matched to the spectrum of the GMSK frequency pulse. |
Pzgures 4A-4C are referred te below in explaznlnq the
15 MMSE processing techn;qug. Figure 4A depicts a typical
demodulated signal, where the 10 dB point of the post-detection
filter 18 (Fig. 1) is 9.6 kHz. Figure 4B depicts a waveform
and the difference (error) between the received signal and the
axpected value for the four samples in a given symbol. Figure
20 4C schematically depicts the processing performed by the
' identification b1¢¢x_zo (Fig. 1). As shown in Figure 4C, the
.CDPD idgntification block includes a T/4 demultiplexing block,
which outputs siqhals_a!, b, ¢, dy. These signals are simply
the result of demultiplexing the stream of samples that are.
25 obtained by sampling the analeqg signal at four times per symbol
period. That is, first the ocutput of the limiter diseriminator
is sampled at the rate of 4 samples per symbol pericd, the
‘samples are filtered using the post detection filter, and are
then split into four separate sets before the rest of the

30 processing takes place. _ _

'  The signals 8, bk,' Cy/ d, are fed to corresponding mse
(mean-squared error) computation blocks 52. The outputs of the
mse computation blocks 52 are provided to a block 54 for
determining the minimum mse and a block S4 for determinlng the

35 average of the two maximum mse’s. The ratio of the minimum nse
to the average of the two maximum mse’s is determined by block
$8. The output of block 58 is provided toc decision block 60,

.~;__;__~_~_;ﬁ;‘~_~;~‘;L
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/96 17:54 00DCOCK WASHELRN 5 .53 NO.233 P@13
n presgﬁf? preferrecfJ QP64 REht s ?he Invention, the overlay signal is

cel lul'ar digital packet data (CDPD) si gnal" and the ri s a
el lul ar tel ¥8A8%System In addition, in presently BreP§$¥g§¥zk odi ment s,
tep (a) further conprises, with respect to each channel, the substeps. of
1) .receiving signal and noise conponean 1=t he channel; (2) processing
he recei ved conponents to enhance noi se conponents mAthout a prescribed

pec'F ral band Hgld ideRidesN@h§eh CRYPSEIREILS \ilst [tirael hu paine Sk bealesge &8r al
and; (3) takes as inputs the mxnxmum Mean Square Error and the Average
of the two maximum Mean Square Errors and forms the ratio of
the two quantities. The following block (decision block 60)
5 compares this ratio (also known as decisioh variable, denoted
by A0 in block 60) to a threshold and decides in faver of a
hchthésis dependihg on the outcome of this comparison. :
The peak level of the signal at optimum timing is
~ assumed to be +a. This embod;uent of the invention makes a
_1b decision on each sample of the output of the post-detect;on
' filter 18.  The decision is then used to calculate the mean~
squéted error with respect to an__expected signal level.
.HypOthesis'ah is declared if the minimum of the four mse’s is
below a chosen threshold. Before making a decision, the
15 calculated mse is normalized by the average of the two maximum -
mse values. The result of this method has been compared with
the unnormal;zed metric, as well as another technlque that used
the average of the three maximum mse values as a normallzatlon
Ifactor. The present method yielded faster convergence of
20 results than both of the others. A probable cause for the
~ improvement is illustrated in Figure 4B. Since two samples
within a symbol interval may be close to the bptimum samplinq
point, the contributions to the nean-squared error due to those
two points way be close. Thus, inclusion of one of those
25 points in the normalization factor adversely affects the
" discrimination ability of the method. ' '
Rasults .
Results have bheen obtained for prccessxng intervals
of 2.6 ms and 5.2 ms. The longer processxng interval could be
30 used for confirmation of coarse results from a quick pass over
" all channels of interest with a smaller processing interval.
However, there is seen te be a marginal improvement in results
at low signal-to-noise raties, and it may be worth scanning
| through the whole set again using 2.6 ms of data. A maximum of
35 three passes will increase the probability of detection from
' 95% to 99.98%. Assume the total number of channels that the
mobile end station scans over is 1069. One pass will take a

. X-_
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onmput i 7 T3 r 4338 of “@Bﬁ%qu“oﬂs”%Hp"oﬁ?n?’s“swthl n the prescribed .$Pettr {F2

and to the enhanced spectral conpo- nents without the prescribed spectral
and; (4) cogifdsaRflgt he ratio to a prescrlbed threshold va}cmnmywnﬂT(S)
denti fying R ACENENT SHEET -4-. i,

-17 -

Daximum of 2.6 s. Table 1 gives a lxst of probabxlxtxes for
intereSting eveﬂts. A nominal probabzlxty of detection for one
pass over the set of channels is chosen to be 0,95, The
. simplified scenario in the table does not cansider the
5' pPossibility of false-a;arm, The 1mp1emented scheme would
| pfeferably make a pass over the set of channels, short-lxstlng'
candidates 1n the process. A sécond pass over the short-listed
candidates is not ‘expected to add more than 1 second to the
processing time, under worst case channel conditions. .

10 | EVENT f ' PROBABILITY ﬂ

 One pass succeeds - | 0.9500

one of three passes succeeds | 0.9998

Detection time < 2.6 = | 0.9500
|| Detection time < 5.2 s 10,9975 _
15 | u Detection time < 7.8's | 0.9598 !
Table 1: A list of interesting events and

corresponding probabilities of detection.

The expected signal value is dependent on the

~ implementation of the limiter-discriminator 14 (Fig. 1). It is
20 recommended that automatic calibration of the scheme be
implemented. This calibration could be dynamically done. The
‘mobile end-station (or base statjoen) could recalibrate whenever

the system registers on a CDPD channel. -

There are two parameters that should be opt;m;zed for

25 fine tuning the signal processor. One of them is the bandwidth
of the post-detection filter 18 (Fig, 1}). This need not be
identical to the filter actually used during reception. A
wider bandﬁidth'will yield less intersymbol interference but

will allow more noise at the filter’s output. since, ha9ever,

30 the expected signal value in no noise conditiors depends'on the
amount of intersymbol interference, a slightly wider bandwidth
will probably be more e:tectiveQ The other parameter :hat"
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-gecond inventive nethod di scl osed herein conprises the.steps of (a)
inpl i Ng 'si gRvd ssmefigat | east one channel to obtain a prescritmestnnber of
nmpl es for the at |east one channel; (b) conputing an error value for each
nmpl e on the basis of the difference, if any, between the sanple val ue and
the expected val ue; (c) determining a- nrnnnun1error val ue; (-d) detern1n|ng

average of at |east two error val ues 2_-
- needs tuning is the expected ignal level *a. The optimunm

value of a will be the_average peak sample value at the 7¢&.8
KHz réte.' For the particular implemehtation disclosed herein,
the vélue chosen was 0.6. This value will change depending on
S the xmplementation. | '
 The threshold choice for a first pass ‘should allow a
20-30% false alarm probabxl;ty. Such a choice wxll yield
" detection prohabxl;t;es .1n ‘excess of 98% at all SNR’s of
interest. On the second pass, the false alarm rate may be
10 greatly reduced. - ' _
The two inventive methods disclosed herein w111 now
be summarized with refergnce to Figures 5 and 6.
Referrinq first to Figure 5, the Spectral Estimation
Detectlon Method begins by computing energy within the leter
15 band width. The enerqgy cutside the filter band width is then
computed. Next, the decision variable is formed, for example,
in accordance with Egquation 6. The decision variable is then
compared with a threshold. If the decision variable is not
greater than the threshold, it is determined that no sxgnal is
20 present. on the other hand, if the decision variable is
greater than the threshold, the method declares that a signal
is present. Thereafter, the signal is passed through a
correlatot or a sqguare-law device (for example; the correlato:_
40 or square-law device 42 of Figure 3A. Thereafter, a
25 decision variable is formed in accordance with Equation 10. A
determination is then made whetheér the decision variable is
greater than a threshold. If not, the signal on the channel is
declared a non-CDPD signal. If the decision variable is
greater than the threshold, the signal is declared a CDPD
" 30 signal, All channels are preferably scanned in this manner.
' Referring now to Figure &, the MSE method begins by
demultxplex;ng the szgnal output of the post-detection filter
18 (see Figure 1). Thereafter, the MSE of each demultlplexer
_branch (see Figure 4C) is computed. The mlnimum MSE is then
35 found, and then the average of the two maximum MSEs is found.
" The ratio of the_hihimum MSE to the average of the two maximum
MSEs is then compared to a threshold. If the ratio is not
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et er mi ARG 3 r (1% of “‘PEP'?EU% YRR et P 74481 ue to the average; and'%3F P8
king a decision as to whether the signal is an overlay signal on the

asi s of thewquﬂhaln presently preferred enbodi ments of s#dyassgrend

thod, ‘the error val ues are nean-squared error (nse). val ues. BRI EF .

SCRI PTION OF THE DRAWNGS FI'G 1 is a block diagram of the receiver of a

bile cellular telephone unit, which is mne—preferred environment” for the
resent invention.
greater than the threshold, the signal is declared a non-CDPD

signal. If the ratio is greater than the threshold the s;gnal
is ‘declared a ¢DPD signal, Finally, as with the spectral

- Estimation Method, all channels are preferably scanned.
5 The present 1nventlan may be embodied in other
' specific forms without departing from the spirit or essential
‘attributes thereof, and, accordingly, reference should be made
to the appended 'clains,' rather than to the foregoing
specifxcation. as 1ndicatinq the scope of the inventxon and the

10 scope of protectlon of the following claims.
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i sclosed herein. FIG 2A is a block diagramof the sinulator, FIGS. 2B, 2C
nd 2D are blask@i@grans of a CDPD transmitter 22-1, an Nﬁﬁjswmswol

hannel transmtter 22-2, and a voi ce channel transmtter—22-3;
espectively. FIGS. 3A and 3B depi ct processing techni di scussed bel ow.

JF G 3A depicts two non-linear operationsgonanely, lﬂ"”ﬂ”"’l”ﬂﬂ,ﬁmj
quarlng 42; FIG SBdeplctsfllterlng and o I
: 1, A spectral estxmatxon methed for detectxng an .
overlay signal in a channel of a primary system, wherain the
primary systenm has a plurality of channels in which the overlay
S'Signel night be péesent at'any given time, and wherein the
overlay signal is characterized by a clock frequency, the
method ccmprismg the steps of:
(a) identifying which, if any, channel (s) of sald'
_ primary system are oceupied by a signal; and
10 (b) 1dentify1ng which, if any, of the signal(s) in
" the channel(s) identitied in step (a) are an overlay signal,
' maid identifying comprising performing a non-linear operation
" on each said'signal to enhance a spectral component of the
- signal at said clock. frequency; and making a daecision as to

15 whether the signal is an overlay SLgnal on the basis of the
enhanced spectral component. -

2. A method as recited in claim 1, wherein said'
overlay signal is a Cellular Digital Packet Data (CDPD) signal.

3. A method as recited in claim 1, wherein said
.20 primary system is a cellular telephone systenm.

4, A method as recited in claim 2, wherein said
' p:imary system is a_cellular telephone system,

S. A method as recited in eclaim 1, wherein step (a)
of clalm 1 further comprises, with respect to each channel, the
- 29 _substeps.
(2) receiving signal and noise components in said
channel; ' . '
o (2} processinq the received components to enhance
_ nm.se components outside a prescribed spectral band relative to
30 noise components within said prescribed spectral band;
| (3) computing the ratio of spectral components within
saia prescribed spectral band to the enhanced spectral.
components outside saiq prescfibed Spectral bahd; |
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{ fir'es 2AgPEC MY B5/1 NGHOBPROFH WEFHBIMO A FER-449 nor nal i zation 46, and"-23 Pe2d

hreshol ding 48. FIGS. 4A-4C illustrate the m ni mum nean-squared error

¢ MVSE) proce@&w@z‘gechni que, the second net hod discl osed krermsonaned® G 4A
epicts a typical denodul ated signal; FIG 4B depicts a waveform and four
ontributions to the nean- squared error, FIG 4C schematical [y depicts a
rocessor for -performing CDPD signal defezlhon FICE 5is a flowhart of

he spectral estlnatlon det ection
- | (4) comparing said ratio to a prescrlbed chreshold

value; and
- (5) identifying'the channel as carrying a signal if
said ratio exceeds said threshold.

5 " 6. A method as recited in claim 4, wherein step (a)
further comprises, with respect to each channel, the substeps:
_ (1) receiving signal and noise components in said
channel; ' ' ' o o
_ | (2) processing the received components to enhance
10 -noxse components without a presoribed spectral band relatxve to
- noise components within said prescribed spectral band; _

" (3) ' computing the ratio of spect:ral components w:.tm.n '
saxd prescribed specttal band to the enhanced spectral
components without said prescribed spectral band; '

- 15 (4) comparing said ratio to a prescribed threshold
value; and | s |
(5) 1dent1fy1ng the channel as carryxng a sxgnal if
sazd ratio exceeds said threshold.

7. A system for detectinq an overlay signal in a
20 channel of a primary system, wherein the primary system has a
plurality of channels in which the overlay signal might be
present at any g;ven t;me, and wherein the overlay signal is
characterized by a prescribed clock frequency, ‘the system'
" .comprising: ' _ '
25 . (a) means for identifying which, if any, channel(s)
of sa;d prlmary system are occupied by a sxgnal, and
(b) means for identifying which, if any, of the
signal(s) in the channel(s) identified as occupied by a signal
are an overlay signal, said means for idehtifying ccmprisihg
30 means for performing a non-linear operation on each said signal
to enhance a spactral component of the signal at said
prescribed clack frequency, and making a decision as to whather
. the 51gnal 1s an overlay sxgnal on the basis of the ennanced
‘spectral component.
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8. A system as recited in claim 7, wherein said
overlay signal is a Cellular Digital Packet Data (CDPD) signal.

_ 9. A system as _':reci.tecl in claim 7, wherein said
primary system is_a-cellular telephone system, '

5 " 0. A system as recited in claim 8, wherein said
pr:mary system is a cellular telephone system. '

11. A system as recifed in claim 7. where;n said
means for identifying which, if any, channel(s) of sald prxnary
system are occupied by a signal further comprises:

10 . (1) means for rece;v;ng s;gnal and noise ccmponents
in said channels,'

{2) means for processing the received componants to
.enhance noise components without a prescribed spectral band
:elatlve to noise components within said prescrlbed spectral :

15 band; ' |
' t3) means for computing the ratlo of spectral
cnmponents within said ptescribed spectral band to the enhanced
‘spectral components without said prescribed spectral band;
- ' {4) mweans for comparing said ratic to a prescribed
- 20 threshold value; and

(5) means for 1dent1fy1ng a channel as carrying 2

:signal it said ratio exceeds said threshold.

12. A system as recited in claim 10, wherein said
means for identifying which, if any, channel(s) of said primary

25 system are occupied by a”signal further comprises:
| (1) means for receiving signal and noise components

in said channels; | :

{2) wmeans for process;ng the received components to
-ennance noise components without a prescribed spectral band
30 relative to noise components thhln said prescribed spectral
' band; _ R . _
(3) means for ccmputinq the ratio of spectral’
components within said prescribed spéctral band to the enhanced

o - L . e__c__,_______‘_~‘_§f
/ - .
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EMBCODI MENTS FIG 1 |s a block ﬁlagran1o the receiver of a nmobile
ubscriber unit (i.e., a cellular telephone capable of receiving a CDPD

gnal ), whi wip ospgligsent s one presently preferred enbodi merttrrusbafobne pr esent
nvention. As shown, the nobile unit conprises an RF (radio frequency)
onverter 10, IF (|nterned|ate frequency) filter 12, limter-discrimnator
4, analog-to-digital (A/D) convertor 18,2post- detectlon filter 18, and

dentlflCatl0%p2£%%§12£gm5§§g¥gglggtﬁghélgilgrggggcrlbed spectral band;

(4) means for comparlnq sajid ratio to a prescrzbed

- threshold value; and ) _ . _
(5) means for identit?ing a channel as carrying a

5 signal if said ratio exceeds said threshold. '

13. A method for detecting an overlay signal in a

channel of a. primary system, wherein the primary system has a

. plurality of channels in which the overlay signal might be

_ present at any given time, and wherein the overlay signal is

10 éharacterized' by a predetermined expected value, the method
comprising the steps of:

(a) sampling sxgnals in at least one channel to
obtain a predetermlned numher of samples for said at least one
channel' | ' . .

15 3 (b) computing an errdr'value for each sample on the
basis of the dlfference, if any, between the sample value and
' the expected value; : :
{(e) determlnlng a mznlmum arror value;
(d) determining a reference . valua, _
20 | {e) determlning a ratio of said mlnlmum error value
to said reference value; and '
_ (f) making a decision as to whether the signal is an
overlay signal on the basis of said ratio.

14. A method as recited in claim 13, wherein said
25 error values are méan-squared error (mse) values.

15. A method as recited in claim 13, wherein said
overlay signal is a Cellular Digital Packet Data (CDPD) signal.

_ 16. A method as recited lh claim 13, wherein said
primary system is.a'cellulérftelephbne system.

30 '17. A method as recited in claxm 15, wherein said’
ptlmary systen is a cellular telephone system.

S S

L]
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[nvent | §&22t¥e 1deht i MOBRATPOHPBIRPR > 252c8Pri ses neans for det ect 'Hi§ 2 D
arrier in accordance with one of the two methods described bel ow. All
onmponent $, woltodkrgse excep- tion of the identification bl REA/UBBINTe
enerally well known to those skilled inthe art. Therefore, details of
| ocks 10-18 are described her ei n only as necessary to explain the present
nvention. A Mthod 1: Spectral Estinafi®h Detection The spectral

Stlnathn detection ”?&hOd'p£8¥ﬂ§ 5 énéggﬁted in claxm 13, wherein said

‘reference value compr;ses an average of at least two error'

values.

19. A'syétem for detecting an overlay signal in a
§ channel of a primary system, wherein the primary system has a
plurality of channéls in which the ovaerlay signal might be
present at any given time, and wherein the overlay signal is
characterized by a predetetmlned expected value, the system”'
. comprising: - _ ' ' N
X o (a) means. for sampling signals in at least one
' channel to obtain a predetermined number of samples for said at
_ least one channel, , : | :
< S (p) means for computing an error value for each
sahple on the basis of the dszetence, if any, between the
15 sample value and the expected value; '
(¢) means for determining a minimum error value;
~ (d) means for determxn;nq an average of at least two
error values; I :
(e) means for determinlng a ratxo of sald mlnlmum'
20 error value to said average; and
(f) means for making a decision as to whether the
-signal is an overlay signal on the basis of said ratjo.

20. A system as recited in claim 19, wherein said
error values are mean-squared error (mse)} values.

. 28 _ 21. A system as recited in ¢laim 19, wherein said
overlay signal is a'Cellula: Digital'Packet Data (CDPD) signal. '

22, A system as recited in claim 19, whete;n said
primary system is a cellular telephone system.

23. A system as recited in claim 21, wherein said
30 primary system is a cellular telephone system.
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REPLACENENT SHEET -7- discrimnator 14. The denodul at ed signal is nodel ed
at ‘baseband, after IF filtering, as [err] The IF 508 12 chosen for the
anal ysis was a four pole Butterworth filter with cugebf at 15 kHz fromthe
carrier. The post-detection filter 18 in one presently preferred

1
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MODB AND APPARATUS FOR DETECTING CELLULAR DIGITAL PACKET
DATA (CDPD) :

FIELD OF THE INVENTION
The present invention relates generally to methods and
§ apparatus for detecting a specific kind of carrier associated
with an “overlay" system. An "overlay" system is one that
shares the freguency allocatisn of another system on a non-
cooperating (and non-competing) basis. One presently preferred
applicatien of the present invention is in connection with
10 detecting a Cellular Digitél Packet Data (CDPD) carrier, where
the CDPD system constitutes an overlay system vis-a-vis ‘an
associated cellular telephone system. This embodiment is
. described herein as one examplary application of the present
invention. However, except where they are expressly so
15 limited, the claims appearing at the end of this specification
are intended not to be limited to embodiments for detecting
CDPD signals.
BACKGROUND OF THE INVENTION
The CDFD system enabkles wireless transmission of data
20 over existing cellular systems, such as the Advanced Mobile
Phone System (AMPS). The CDPD system was designed to provide
data communications in the cellular fregquency range without
impeding wvoice communications. The system uses "mobile"
telephone channels just as a modem uses a telephone line but it
25 is designed to jump from one <frequency to another when
necessary, i.e., when a nev telephone call starts in the cell.
The first live demonstrations of CDPD took place in
early 1993. Advocates for CDPD believe the technology will be
inexpensive and cost effective because it builds on top of
30 existing cellular infrastructure and does not regquire any
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enbodinent is a twelve tap FIRfilter at 76.8 kHz sanpling rate
(corresponding to four sanples per synbol interval) with a cutoff of 6 kHz
and is roughly matched to the GWSK spectrum The design of the
post-detection filter is not crucial to a discrimnator detector
I mpl ementation of the.receiver. Further details of the sinulation are
descri bed bel ow. The objective here is te 2dentify a nmeasure that allows
one to distinguish between the two hypotheses [err]. The -
additional spectrum allocation. Instead of requiring

additional frequencies for data communications, CDPD uses.
temporal "gaps" that occur between voice calls to send data in
bursts. (A voice call involves the period of time between the

5 dialing of a number or reception of a call to hang-up of the
handset on either terminal unit.) Technology has been
developed to "frequency hop" and seek out gaps in cellular
conversations in the cellular spectrum. The frequency-hopping
technology is expected to be sufficiently robust to handle the

10 designed data transfer rate (19.2 kbps) in crowded cellular
markets.

In addition, new personal wireless' communications
products have been, and are being, designed to employ CDPD
technology in combining all-purpose mobile communications with

15 the technoloé& of cellular 'phones, fax maqhines, modens,
electronic mail, and pen computing. Such products will provide
expanded communication capabilities to users. _

Therefore, using existing hardware technology as a
building block, CDPD will allow data to be transmitted across

20 existing cellular networks, enabling idle voice time on
cellular systems to be filled with packets of data. CDPD
technology, with a data transmission rate of 19.2 Kbps, is up
to four times faster than competing wireless services.
However; one of the requirements of a CDPD system is the

25 capability of a mobile unit or base station unit to efficiently
(i.e., quickly and reliably) identify a CDPD transmission.
SUMMARY OF THE INVENTION

An object of the present invention is to provide.
methods and apparatus for detecting.the presence of a specific

30 kind of signal of an overlay system (e.g., a CDPD forward
channel) among all the channels of interest, which may be large
in number, depending on the system associated with the overlay
system. For example, there may be up to one thousand channels
of interest to an overlay CDPD system associated with a

35 cellular system.- Phis—specification describes a spectral
estimation technique for detection of a CDPD carrier. In
addition, this specification describes a second method that
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liniter-tiscrimnator has the property of converting incident white noise
within the receiver bandwidth to a parabolic spectral shape centered around
the carrier. Thus, even as the IF filter 12 suppresses incident noise at
t he band-edges, the limter-discrimnator 14 will have the effect of
enhanci ng those spectral conponents. |If noise al one were passing through
the limter-discrimnator, the ratio of spectral com ponents within the
mat ched (post-detection) filter bandw dihytp those outside the bandwi dth
shoul d be smaller than:the

improves on the spectral estimation method. The second method

in preferred embodiments is a minimum mean-sguared error (MMSE)
methed. The spectral estimation method of the present
invention involves "“shortlisting" the number of channels
‘5 scanned to a smaller number of occupied channels. In this
respect, <the spectral estimation method is like another
proposed COPD detection method (hereinafter sometimes referred
to as the P”RSSI method”) that uses RSSI information to
Pehortlist® the number of channels scanned to a smallexr number
10 of caecupied channels. RSSI stands for Receive Signal Strength
Indicater. It is a common parameter measured in cellular and
similar communication devices to determine guality of the
received signal for the purpose of choosing the best amongst a
set of candidate channels, determining candidate channels for
15 handoff, or performing similar maintenance functions. It could
be used as a method to determine whether a given channel is
occupied by a signal of any kind or it is vacant. According to
the RSSI method, the mobile unit tries to identify the CDPD
channel by synchronizing and decoding each of the shortlisted
20 channels. One could detect the presence of a CDPD (or like)
signal on a given channel by first attempting to receive on
that channel as if indeed the signal was there (i.e.,
synchronize to the incoming signal), collect a set of bits that
form an encoded word, attempt to decode that word, and decide
25 whether the signal was of the right type based on the results
of the decoding process. The problem with -this approach is
that it takes a long time to synchrenize to the signal, collect
enough bits to form a word and decode the word to make a
determination about the signal. The purpcse of the second
- 30 method disclosed herein is to provide a suitable alternative to
this “shortlisting' method.

The spectral estimation method detects an overlay
signal in a channel of a.primary system, wherein the primary
system has a plurality of channels in which the overlay signal

35 might be present at any given time, and wherein the overlay
signal possesses a characteristic frequency, such as the symbol

clock frequency. The method comprises the steps of (a)
REPLACEMENT SHEET ' : o
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sarfe rattio calcul ated for hypothesis H. * Let [err] represent the output

of the limter-discrimnator 14 and let [err] represent the output of the

post-detecton filter (this may be, e.g., a twelve tap FIRfilter with
cutoff 6 kHz). The decision netric is then represented by [err] where [err]

are the first N sanples available to nake a deci'sion. The decision delay N

was chosen to be fifty bit intervals, or 2.6 ns, and yields acceptable

receiver -4 -
identifying which, if any, channel(s) of the primary system are
occupied by a signal; and identifying which, if any, of the
signal(s) in the channel(s) lidentified in step (a) are an
overlay signal from the overlay system. Step (b) comprises -

S performing a non-linear cperation on each signal to enhance a
spectral component of the signal at the carrier frequency, and
making a decision as to whether the signal is an overlay signal
on the basis of the enhanced spectral component. :

In presently preferred embodiments of the invention,

10" the overlay eignal is a cellular digital packet data (CDFD)

signal and the primary system is a cellular telephone system.
In addition, in presently preferred embod_iments, step
(a) further comprises, with respect to each channel, the

) substeps of (1) receiving signal and noise components in the

15 channel; (2)° procaessing the received components to enhance
neise components without a prescribed spectral band relative to
noise components within the prescribed spectral' band; (3)
computing the ratio of spectral components within the
prescribed spectral band to the enhanced spectral components

20 without the prescribed spectral band; (4) comparing the ratio
to a prescribed threshold value; and (5) identifying the
channel as carrying a signal if the ratio exceeds the
threshold. :

The second inventjve method disclosed herein conprises

25 the steps of (a) sampling signals in at least one channel to
obtain a prescribed nunber of samples for the at least one
channel; (b) computing an error value for each sample on the
basis of the difference, if any, between the sample value and
the expected value; (c) determining a minimum error value; (d)

30 determining an average of at least two error values; (e)
determining a ratio of the minimum error value to the average;
and (f) making a decision as to whether the signal is an
overlay signal on the basis of the ratio. - In preséntly-
preferred embodiments of the second method, the error values

35 are mean~squared error (mse) values.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of the receiver of a
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opetating characteristics. ldentification of COPD The probl em of

I dentifying a CDPD signal anong all received signals may al so be fornul ated
as a hypothesis -8- testing problem The hypothesis testing problemis

f or mu- :

e § =

mobile cellular telephene unit, which is one preferred
environment for the present invention.
Figures 2a-2C illustrate a simulation employing the
inventive techniques disclosed herein. Figure 2A is a block
5 diagram of the simulator; Figures 2B, 2C and 2D are block
diagrams of a CDPD transmitter 22-1, an AMPS control channel
transmitter 22-2, and a voice channel transmitter 22-3,
respectively. _ :
" Figures 32 and 3B depict processinq technxques'
10 discussed below. Figure 3A depicts two non-linear operations,
namely, correlation 40 and sguaring 42; Figure 3B depiets
filtering and thresholding employing an inner product 44,
nermalization 46, and thresholding 48.
Figures 4A-4C illustrate the minimum wean-squared
15 error (MMSE) processing technigque, the second method disclosed
" herein. Figure 4A depicts a typical demodulated signal; Figure
4B depicts a waveform and four contributions to the mean-
squared erreor; Figure 4C schematically depicts a processor for
performing CDPD signal detection.
20 Figure S5 is a flowchart of the spectral estimation
detection method disclosed herein. '
Figure € is a flowchart of the MMSE detection method
disclosed herein. '
DETAILED DESCRIPTION OF PREYERRED EMBODIMENTE
25 Figure 1 is a block diagram of the receiver of a
mobile subscriber unit (i.e., a c¢cellular telephone capable of
receiving a CDPD signal), which represents one presently
preferred embodiment of the present invention. As shown, the
mobile unit comprises an RF (radio frequency) converter 10, IF _
30 (intermediate frequency) filter 12, limiter-discriminator 14,
analog-to-digital (A/D) convertor 16, post-detection filter 18,
and identification block 20, According to <the present.
invention, the jdentification block 20 comprises heans for
detecting a CDPD carrier in accordance with one of the two
35 methods described below.- All components, with the exception of
the identification block 20, are generally well known to those
skilled in the art. Therefore, details of blocks 10~18 are
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| at éd as*follows. There are two possibilities gj
definitely occupied by sone signal: [err] Hypot
represented by two cases: [err] Typically, al

elimnated by the signal detection nmethod descr
the FSK control channel has a w der bandw dth t
Mor eover, the signal will have a strong spectr af

- -

described herein only as necessary teo explain the present
invention.
A, Method 1:; Spectral Estimation Detection
The spectral estimation detection method provides
5 signal processing ' sclutions through manipulation of a
democdulated signal received by a mobile or base station unit.
The present inventors have broken the detection problem into
two parts. The first part involves the detection of any.signal
on the channel, and the second part involves the identification
10 of a CDPD signal among occupiad channels. The next section
describes a signal detection technigque that will identify
channels that are occupied by signals'that have a prescribed
signal strength or greater, This msthod serves as an
alternative to, scanning the RSSI over a given'set of channels.
15 It may be performed within a time frame of;so kit intervals
(2.6 ms), which is comparable to that proposed for the RSSI '
method.
A description of the CDPD detection problem is
provided arfter the description of the technique for identifying
20 occupied channels. Processing techniques that will yield good
discrimination between the various signals in the channel are
described. A simulation is then described and the simulation
results are tabulated.
‘Signal Detection (Identification of Occupied Channels)

25 The CDPD signal detection problen may be formulated
as a hypothesis testing problem (see, H.L. Van Trees,
Detectjon, Estimation and Modulatien Theorvy, Part I, Wiley,
1968):

Hy:r(t) = n(t) (1a)

Hir(t) = Fls(t) +nle)  (1b)

The received signal may be noise n(t) or a combination of
30 signal s(t) and noise. Since there is a possibility that the
signal is transmitted or received by a mobile unit, ¢the
operator F represents Rayleigh fading.
The signal s(t) is a GMSK signal of the form:

—_—
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conmponemt at 10 kHz, which will boost the denom nator of the netric in
equation (6). The processing techniques of the present invention (in
applications involving detection of COPD) rely on the fact that CDPD uses a
digital nodulation technique with a fixed data (synbol) rate of 19.2 kbps.
As opposed to CDPD, voice conmmunications is through analog FM and has no
fixed signalling clock other than the 6 ‘kHz SuperV|sory Audi o _ Tone (SAT).
Cont r ol channels on the other hand, use, _ _ :

s(t) = qlzg cos {znfcc - 28y [ ate - i'l‘)dt] (2)

with the frequency pulse (see J.B. Anderson, et al., Digital
Phase Modulation, Plenum, 1986; Cellular bDigital Packet Data
System Specification, Prelim. Release V, 1.0, July 19, 1993):

o« gy [ofpean (2282) ) - o foean (22272 ) )

where T represents the symbol time (for CDPD, symbol time and
5 bit time are synonymous), E represents the energy per symbol

interval, h =‘b.5 is the modulation index, and the product BT

is set to 0.5. The frequency pulse g(t) has been normalized so

that the phase response g(t) satisfies conventions followed in

thé representation of continuous phase modulation (CPN)
10 signals:

giey = [ gtzyde = 0.5, taw (&)

Although the frequency pulse g(t) has infinite length,
inplementations commonly truncate the GMSK filter response to
three or'four eymbol intervals. In addition, the non-causality
of the frequency pulse signal of equation (3) is converted into
15 a delay of two symbol intervals. The signal detection
technigue has been analyzed in additive white Gaussian noise
{AWGN) channels and Rayleigh faded channels, since it must work
in stationary and mobile environments.
_As mentioned above in connection with Figure 1, in one
‘20 embodiment the demodulator is assumed to be a limiter-
discriminator 14. The demodulated signal is modeled at
baseband, after IF filtering, as

The IF filter 12 chosen for the analysis was a four pole
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Manchest’er encoded FSK at a data rate of 10 Kbps. The present inventors
have studi ed two processing tech- niques, ainmed at |ocking on the 19.2 kHz
synbol rate of the output of the limter-discrimnator 14. These are
schemati- cally depicted in FIG 3A. The first technique, represented by
circuit 40, correlates the output of the discrimnator wwth itself del ayed
by one-half bit interval; the second technique, represented by bl ock 42

(i.e., a square-law device), squares the signal. It can be shown that both
t hese techni ques -8 -

pr 1o =8((I*j0)(¢*31)] (35)

II +02 02

Butterworth filter with cutoff at 15 kHz from the carrier.

The post-detection filter 18 in one presently °
preferred embodiment is a twelve tap FIR filter at 76.8 kHz
sampling rate (corresponding to four samples per symbol

5 interval) with a cutoff of 6 kHz and is roughly matched to the
GMSK spectrum, The design of the post-detection filter is not
crucial to a discriminator detector implementation of the
receiver. Further details of the simulation are described
below.

10 _ The objective here is to identify a measure that
allows one tordistinguisn between the two hypotheses H,, H,.
The limiter-discriminator has the property of converting
incident white noise within the receiver bandwidth to a
parabolic spectral shape centered around the carrier. Thus,

15 even as the IF filter 12 suppresses incident noise at the band-
edges, the limiter-discriminator 14 will have the effect of
enhancing those spectral components. If noaise alone were
passing through the limiter-discriminator, the ratio of
spectral compenents within the matched (post-detection) filter

20 bandwidth to those ocutside the bandwidth should be smaller than
the same ratio calculated for hypothesis Hl.

_Let X, Trepresent the output of the limiter-
discriminator 14 and let ¥, represent the output of the post~
detection filter (this may be, e.g., a twelve tap FIR filter

25 with cutoff 6 kHz). The decision metric is then represented by

2
e Y-k

a (xﬂ-k - yN—k)z

(6)

A0 = E:L

where (xh, Xye oo Xy} are the first N samples available to make
a decision. The decision delay N was chosen to be fifty bit

intervals, or 2.6 ms, and yields acceptable receiver operating
characteristics.
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produce‘a conponent at the signalling interval.
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Identification of COPD

The problem of identifying a CDPD sanal among all
received signals may also be formulated as a hypothesis testing
The hypothesis testing problem is formulated as
follows. There are two possibilities given that the channel is
definitely occupied by some signal:

Hy: The channel is occupied by CDPD

4,: The channel is not occupied by CDPD.

(7a)
(7b)

. Hypothesis H, is in turn represented by two cases:

(8a)

Hy: The channel is a control channel. (8b)
Typically, all X, cases will be eliminated by the signal
detection method described above. This is because the FSK
control channel has a wider bandwidth than the CDPD signal.
Moreover, the signal will have a strong spectral component at
10 XHz, which will boo%t the denominator of the metric in
eguation (6).

The processing techniques of the present invention {in
applications involving detection of CDFD) rely on the fact that
CDPD uses a digital modulation technigque with a fixed data
(symbol) rate of 15.2 Kkbps. As opposed to CDPD, voice
communications is through analog FM, and has no fixed
signalling clock other than the & kHz Supervisory Audio Tone
(SAT). Contrel channels, on the other hand, use Manchester
encoded FSK at a data rate of 10 Kbps.

The present inventors have studied two processing
techniques, aimed at locking on the 19.2 kHz symbol rate of the
output of <the limiter~discriminater 14. Theae are
schematically depicted in Figure 3A. The first technigue,
represented by e¢ircuit 40, correlates the output of the
discriminator with itself delayed by one-half bit interval; the
second technigue, represented by block 42 (i.e., a square-law
device), squares the signal, It can be shown that bhoth these
techniques produce a component at the signalling interval.
Assuming random data, whenever the CDPD signal transitions

Hy,: The channel is a voice channel

‘between 0 and 1 it introduces a periodié~like segment in the

signal with a frequency of 9.6 kHz. It can be shown that
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- 30 ~
squaring a c¢orrupted periodic waveform with a fundamental
frequency f, will produce a discrete spactral component at the
sutput of tﬂe sguare-law device at the frequency 2!h (ses, W.B.
Davenport and W.L. Root, An Introduction to the Theory of
Random Signals and Noise, IEEE press, 1987). Power spectral

density c¢alculations for the correlator 40 and sguare-lav
device 42 have confirmed this for the CDPD signal. The output

‘of either non-linear device should be filtered at the frequency

of interest. A third technique involving taking the fourth
power of the matched filter output was rejected since the
effect of higher powers of a noisy signal has the effect of
noise enhancement, leading to poor performance in moderate to
low signal~-to-noise environments. The simplest waveform with
a fundamental frequency of 19.2 kHz and a sampling rate of 76.8
kHz is the seguence

e = {1,90,-1,0,1,0,-1,0,... =1,0,1})
of length ¥ samples. The length N was chosen to be 800
samples, corresponding to 10.41 ms of data., It should be noted
that the signal

Sy = {0,~-1,0,1,0,~1,0,... 1,0}
has the same fundamental frequency as, and is orthogonal to,
cy- The present invention uses the decision statistic as the
variable

A aed’ + [T ps]® 9

where p is a vector of suitable length derived from <the
demodulated signal y proéessed using the correlator 40 or the
sguare law device 42 (Fig. 3A). Note that this is the DFT of
the processed signdl at a frequency of one~guarter (1/4) the
sampling rate or 19.2 kHz if the sampling rate is 76.8 kHz.
Examination of the spectrum of the demodulated signal
subject to either of the non-linear processing methods shows
that a CDPD signal has a strong component at 19.2 kHz and an
FEK signal has a strong component at 20 kHz. This latter
component is uncomfortably close to the desired component at
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rejrected since the effect of higher powers of a noisy signal has the effect
of noi se enhancenent, |eading to poor perfor- mance in noderate to | ow
signal -t o-noi se environnents. The sinplest waveformw th a fundanent al
frequency of 19.2 kHz and a sanpling rate of 76.8 kHz is the sequence [err]
of length N sanples. The length N was chosen to be 800 sanpl es,
corresponding to 10.41 ns of data. It should be noted that the signal

- 11 -
19.2 kHz. In addition, since the demodulated FSK signal has
much greater power than the CDPD signal (this is due to the
wider deviation of the control signal), the output of the
tilter should be normalized by the average energy in the
§ signal. This is done as follows: The frequency resolution of
the signal <p, ¢,> + j <p, §,> is 76800/N. This corresponds to _
96 Hz for a duration of 800 samples. If a smaller block length
is selected, say M = 40 samples, the frequency resolution would
, decrease to 1920 Hz. Therefore, a preferred normalization
10 technique uses the decision metric '

T pel® - [ ps”
(p) = : (10}
A S ne]” + [T ]

.
-

The effect o©of the above metric is essentially that of
normalizing the enerqgy of a very narrow band filter with the
energy at the output of a filter with a broader bandwidth.
Simulation Dascription
1s The simulator implements the entire transmit c¢hain for
all the signals, and part of the receive chain for the CDPD
mobile end-station (MES). Figure 2A is a block diagram of the
sinulator. Rlock 22 includes the various radio sources that
are likely to produce signals present in the channel. These
20 sources are a CDPb transmitter 22-1, an AMPS control channel
transmitter 22-2, and a voice transmitter 22-3. In addition,
the simulator includes a bleck 24 simulating Rayleigh fading,
an interpolator 26, a block 28 simulating additive white
Gaussian noise, an adder 30, a demodulator 32 (e.q., a limiter-
25 discriminator), and a detector 34. Blocks 32-34 of the
simulator correspond to blocks 14-20 of Figure 1.
Figures 2B, 2C and 2D, are block diagrams of the CDPD
transmitter 22-1, the AMPS contrel channel transmitter 22-2,
and the voice channel transmitter 22-3, respectively. As
30 shown, the CDPD transmitter includes a data source, phase
shaping GMSK filter, and a CPM modulator. The control channel
transmitter 22-2 . includes a data source, Manchester encoder,

\
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[err] has the sane fundanental frequency as, and is orthogonal to, [err].
The present invention uses the decision statistic as the variable [err]
where p is a vector of suitable | ength derived fromthe denodul ated signal
y processed using the correlator 40 or the square | aw device 42 (FIG 3A).
Note that this is the DFT of the processed signal at a frequency of
one-quarter [err] the

- 12 =
wideband filter, FM modulator, and 25:1 decimeter. The voice
channel transmitter 22-3 includes & white noise source,
weighting block, gain and preemphasis block, deviation limiter,
post-deviation filter, SAT source, 2 kHz deviation block,
S adder, and FM modulator, configured as shown. The details of
these components are not part of the present invention and are
not described herein.
As mentioned, the receiver uses a linmiter~
_discriminator 14 (Fig. 1)'!or demodulation. The front-end
10 'filtering in the receiver is a filter derived by scanning the
front-end filter used in field <crials. The limiter-
diseriminator is jimplemented at baseband by means of a phase
detactor followed by a differentiator. The phase detector
implementatzon recquires a high sampling rate, hence the need
15 for the lnterpolator within the waveform channel. Final signal
processing is performed using samples at 76.8 KkHz. This
amounts to four samples per CDPD symbol interval.
Figures 3A and 3B depict the various processing
techniques discussed above. The two non-linear operations,
20 depicted in Figure 3A, are correlation 40 and squaring 42. The
filtering and thresholding are depicted in Figure 3B. The
filtering and thresholding operation employs a block 44 for
obtaining an inner product, a block 46 for performing
normalization, and a decision block 48. Note that, in Figure
25 3B, the magnitude is normalized using equation (10).
_ An inner product is simply the sum of the element-wise
product of two vectors (or time sequences). For example, the
first term on the numerator of equation 10 is the square of the
inner product of vectors p and c,. Normalization is the
30 process by which the energy is the spectral band of interest
(i.e., around 19.2 XHz, in this case) is divided by the energy
of the signal as a whole to remove gain factors that apply teo
both energies and can bias the decision, if not normalized.
This process is described mathematically by eguation 10.
35 Deciéion is simply the operation where the decision variable
(computed in equation 10 in’ this case) is compared to a
threshold and a determination is made in favor of one or the
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safrpling rate or 19.2 kHz if the sanpling rate is 76.8 kHz. Exam nation of
the spectrum of the denodul ated signal subject to either of the non-Iinear
processi ng net hods shows that a CDPD signal has a strong conmponent at 19.2
kHz and an FSK signal has a strong conponent at 20 kHz. This latter
conponent is unconfortably close to the desired conponent at 19.2 kHz. In
addition, since the denodul ated FSK signal has nuch greater power than the
CDPD S|gnal (this is due to the wi der devigtlon of the control signal), the
out put- of the -
other hypothesis depending on which side of the threshold the
decision variable lies.
Raesults
The inner-product technique is not computation
5§ intensive since it implements a Fourier transform at a fixed
frequency on a block of data. Tests have indicated that
acceptable discrimination between signals is obtainable by
processing 10.41 ms of data, corresponding to 200 bits. It is
.preferable to use the signal detection method described abova
10 to shortlist the channels. The processing described above
considers the detection and false alarm probabilities in
additive white noise and Rayleigh fading. 1In general, the
detection probakilities do not change much between the
correlator 40, and sguare-law device 42, Howeveyr, the
15 correlator yields lower false alarm probabilities and,
therefore, it is better than the square-~law device. This is
due to the fact that .the square-law device implements a
memoryless operation whereas correlation has the effect of
smoothing out the effects of noise over one~half bit interval,
20 B. Method 2: Minimum Mean-Squared Errer Datection
' Identirication of CDPD
As mentioned above, the COPD problem may be formulated
as a hypothesis testing problem:

Hy,: The channel is occupied by CDFD, _ (7a)}
25 H:: The channel is not occupied by CDPD, {(7b)
#;: The channel is a voice channel, (sa)
H,: The channel is a control channel. (8h)

In addition, the CDPD signal is unique in having a
fixed pulse shape and symbol time. The second inventive method
30 is a Least Mean Sqguares error approach. It may be applied
either recursively or through a block-processing technigue.
Simulation Description
As in the first method described above, the simulator
implements the entire transmit chain for all the signals and-
35 part of the receive chain for a CDPD mobile end-station. The
block diagram of the simulator, along with a description of the
various radio sources that are likely to be present in the
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filter +should

be norrmalized by the average energy in the signal. This

S

done as follows: The frequency resolution of the signal [err] is 76800/ N
This corresponds to 96 Hz for a duration of 800 sanples. If a snaller
|l ength is selected, say M=40 sanples, the frequency reso- |ution would
decrease to 1920 Hz. Therefore, a preferred normalization techni que us
the decision netric

10

i85

20

channel, are provided in Figures 2a-2D.

As mentioned above, the signal detection problem may
be formulated as a hypothesis testing problem stated as the
binary hypothesis tsst:

Hy:z(t) = nlt) (1a)
H:r(t) = Fls(t) « nlro) (1b)

_fhe signal s(t) is a GMSK signal of the form:

2E

s(t) =4/ =% cos 2nf.t » 28R, «; f_: glt - IT dt] (2)

with the fregquency pulse:

glr) = -217, a(znsr (_c_ll-;,;/g)) - o[znsr (-ﬂfl—/"’ ] ]] (3)

where T represents the symbol time, F represents the energy per
symbol interval, h = 0.5 is the modulation index, and the
product BT is set to 0.5. The frequency pulse g(t) has been
normalized so that the phase response g(t) satisfies
conventions followed in the representation of continuous phase
modulation signals.

qle) -f_‘_ gilt)dr = 0.5, t-a  (4) .

Although the freguency pulse g(t) has infinite length

bl ock

es

(suppert), implemen;atiohs commonly truncate the GMSK filter to

three or four symbol intervals. The non-causality of g(t) is .

converted into a delay of two symbel intervals. The received
signal may be noise n(t) or a combination of signal s({t) and
noise. Since there is a possibility that the signal is
transmitted or received by a mobile unit, the operator F
represents Rayleigh fading. The technigue is analyzed in
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- 10 - terr] The effect of the above netric is essentially that of nornal -
I zing the energy of a very narrow band filter with the energy at the output
of afilter with a broader bandw dth. Siful ation Description The sinul ator
i npl ements the entire transmt chain for all the signals, and part of the
receive chain for the CDPD

o 1§ »

additive white Gaussian noise channels or Rayleigh faded
channels, since it should work in stationary and mobile
environments.,
In one embodiment, the demodulator is assumed to be
§ a limiter-discriminator 14 (Fig. 1) and the demcdulated signal
is modeled at baseband as in equation (5) -above, with the IF
filter being a four pole Butterworth filter with cutoff at 15
XHz from the carrier. Final signal processing is performed
using sampleés at 76.8 kHz, which amounts to four samples per
10 CDPD symbol interval. The pest-detection filter 18 in one
preferred émbodiment is a twelve tap FIR filter at a 76.8 kH2
sampling rate with a cutoff of 9.6 kHz, This filter is roughly
matched to the spectrum of the GMSK frequency pulse.
Figures 4A-4C are referred to below in explaining the
15 MMSE processing technique. Figure 4A depicts a typical
demodulated signal, where the 10 dB point of the post-detection
filter 18 (Fig. 1) is 9.6 kHz. Figure 4B depicts a waveform
and the difference (error) between the received signal and the
expected value for the four samples in a given symbol. Figure
20 4AC schematically depicts .the processing performed by the
identification block 20 (Fig. 1). As shown in Figure 4C, the
.CDPD identification block includes a T/4 demultiplexing block,

which outputs signals ay, b!( Sy dl. These signals are simply

the result of demultiplexing the stream of samples that are
25 obtained by sampling the analog signal at four times per symbol

period. That is, first the output of the limiter diseriminator

is sampled at the rate of 4 samples per symbol period, the

samples are filtered using the post detection filter, and are

then split into four separate sets before the rest of the
30 processing takes place. '

The signals 8y, bs, Cys d! are fed to corresponding mse
(mean-squared error) computation blocks 52, The outputs ¢f the
mse computation blocks 52 are provided to a block 54 for
determining the minimum mse and a block 5S4 for determining the

35 average of the two maximum mse’s. The ratio of the minimum mse
to the average of the two maximum mse’s is determined by block
58. The output of block 58 is provided to decision block 60,
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nmobi | e send-station (MES). FIG 2A is a block diagramof the sinulator.
Bl ock 22 includes the various radio sources that are likely to produce

signals present in the channel. These sources are a CDPD transmtter 22-

an AMPS control channel transmtter 22-2, and a voice transmtter 22-3.

addi ti on,

an interpolator 26, a block 28 sinulating additive white”Gaussi an noi se,

1,
In

the sinmulator includes a block 24 sinulating Ray- |eigh fading,

an

adder 30, a denodulator 32 (e.g., a limstg6-€iscrimnator), and a detector

-34. Bl ocks

10

15

20

25

30

as

which decides which hypothesis is true, H, or Hge Block 58
takes as inputs the minimum Mean Square Error and the Average
of the two maximum Mean Square Errors and forms the ratio of
the two quantities. The following block (decision block 60)
compares this ratio (also known as decision variable, denoted
by A0 in block 60) to a threshold and deecides in favor of a
hypothesis depending on the outcome of this comparison.

The peak level of the signal at optimum timing is
assumed to be +a. This embodiment of the invention makes a
decision on each sample of the output of the post-detection
filter 18. The decision is then used to calculate the mean~
sgquared error with respect to an expected signal level.
Hypothesis H, is declared if the minimum of the four mse’s is
below a chosen threshold. Before making a decision, the
calculated mse is normalized by the average of the two maximum
mse values. The result of this method has been compared with
the unnormalized metric, as well as another technique that used
the average of the three maximum mse values as a normalization
factor. The present method yielded faster convergence of
results than both of the others. A probable cause for the
improvement is illustrated in Figure 4B. Since two samples
within a symbol interval may be close to the optimum sampling
point, the contributions to the mean-squared error due to those
two points may be close. Thus, inclusion of one of those
points in the normalization factor adversely affects the

" discrimination ability of the method.

Resaulta

Results have been obtained for processing intervals
of 2.6 ms and 5.2 ms. The longer processing interval could be
used for confirmation of cearse results from a quick pass over
all channels of interest with a smaller processing interval.
However, there is seen to be a marginal improvement in results.
at low signal-to-noise ratios, and it may be worth scanning
through the whole set again using 2.6 ms of data. A maximum of
three passes will increase the probability of detection from
95% to 99.98%. Assume the total number of chamnels that the
mobile end station scans over is 1000. One pass will take a
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32-34 of the sinmulator correspond to blocks 14-20 of FIG 1. FIGS. 2B, 2C
and 2D, are bl ock diagrans of the CDPD transmtter 22-1, the AWPS control
channel . transmtter 22-2, and the voice channel transmtter 22-3,
respectively. As shown, the CDPD transmitter includes a data source, phase
shaping GWSK filter, and a CPM nodul ator. The control channel transmtter
22-2 includes a data source, Manchester encoder, w deband filter, FM
nodul at or, and

v 17 =
maximum of 2.6 s. Table 1 gives a list of probabilities for
interesting events. A nominal probability of detection for one
pass over the set of channels is chosen to be 0.95. The
simplified scenaric in the table does not consider the

5 possibility of false-alarm. The implemented scheme would
preferably make a pass over the set of channels, short-listing
candidates in the process. A second pass over the short-listed
candidaﬁes is not expected to add more than 1 second to the

: processing time, under worst case channel conditions.

10 EVENT PROBABILITY

One pass succeeds ¢.9500

One of three passes succeeds | 0.9998

Detection time < 2.6 s 0.9500
Detection time < 5.2 § 0.9975
15 Detection time < 7.8 s 0.9598

mm\

Table 1: A list of interesting events and
corresponding probabilities of detection.

The expected signal value is dependent on the
implementation of the limiter~discriminator 14 (Fig. 1). It is
20 recommended that automatic calibration of the scheme be
implemented. This calibration could be dynamically done. The
mobile end-station (or base station) could recalibrate whenever
the system registers on a CDPD channel.
There are two parameters that should be optimized for
25 fine tuning the signal processor. One of them is the bandwidth
of the post-detection filter 18 (Fig. 1). This need not be
identical to the filter actually used during reception. A’
wider bandwidth will yield less intersymbol interference but
will allow more neise at the filter’s output. Since, however,
30 the expected signal value in no noise conditions depends on the
amount of intersymbol interference, a slightly wider bandwidth
will probably be more effective. The other parameter that

_____/___”—
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25:41 decineter. The voice channel transmtter 22-3 includes a white noise
source, weighting block, gain and preenphasis bl ock, deviation limter,
post-deviation filter, SAT source, 2 kHz deviation bl ock, adder, and FM
nodul ator, configured as shown. The details of these conponents are not
part of the present invention and are not described herein. As nentioned,
the receiver uses a limter-discriminator 14 (FIG 1) for denodul ation.
The front-end filtering in the receiver_i§°agfilter derived by scanning the
front-end filter '

needs tuning is the expected signal level ta. The optimum
value of a will be the average peak sample value at the 76.8
kHz rate. For the particular implementation disclosed herein,
the value chosen was 0.6. This value will change depending on
§ the implementation.
The threshold cheice for a first pass should allow a
20-30% false alarm probability. Such a choice will yield
detection probabilities in excess of 98% at all SNR‘s of
. interest. On the second pass, the false alarm rate may ke
10 greatly reduced.
The two inventive methods disclosed herein will now
be summarized with reference to Figures S and 6.
' Referring first to Figure 5, the Spectral Estimation
Detection Method begins by computing energy within the filter
15 band width. “The enexgy ocutside the filter band width is then
computed. Next, the decision variable is formed, for example,
in accordance with Equation 6. The decision variable is then
compared with a threshold. If the decision variable is not
greater than the threshold, it is determined that no signal is
20 present. on the other hand, if the decision variable is
greater than the threshold, the method declares that a signal
is present. . Thereafter, the signal is passed through a
correlator or a square-law device (for example, the correlator
40 or square-law device 42 of Figure 3A. Thereafter, a
25 decision variable is formed in accordance with Equation 10. A
determination is then made whether the decision variable is
greater than a threshold. If not, the signal on the channel is
declared a non-CDPD signal. If the decision variable {s
greater than the threshold, the signal is declarsd a CDPD
30 signal., All channels are preferably scannhed in this manner.
Referring now to Figure 6, the MSE method begins by
demultiplexing the signal output of the post-detection filter
18 (see Figure 1). Theveafter, the MSE of each demultiplexer
branch (see Figure 4C) is computed. The minimum MSE is then.
35 found, and then the average of the two maximum MSEs is found.
The ratio of the minimum MSE to the average of the two maxXimum
MSEs is then compared to a threshold. If the ratio is not
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used in*field trials. The limter-discrimnator is inplenmented at baseband
by nmeans of a phase detector followed by a differentiator. The phase
detector inplenentation requires a high sanpling rate, hence the need for
the interpolator within the waveform channel. Final signal processing is
REPLACEMENT SHEET .

greater than the threshold, the signal is declared a non-CDPD
signal. If the ratio is greater than the threshold, the signal
is declared a CDPD signal. Finally, as with the Spectral
Estimation Method, all channels are preferably scanned.

S The present invention wmay be embodied in other
specific forms without departing from the spirit or essential
attributes thereof, and, accordingly, reference should be made
to the appended claims, rather than to the foregoing
:specification, as indicating the scope of the invention and the

10 scope of protection of the following claims.

e
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- 11 - perforned using sanples at 76.8 kHz. This anpbunts to four sanples
per CDPD synbol interval. FIGS. 3A and 3B depict the various processing
t echni ques di scussed above. The two non-|inear operattons; uepicted m Fl G

3A, are correlation 40 and squaring 42. The filtering re
depicted in FIG 3B. The filtering and thresholdlng opg “m i M ' ﬂ!F

bl ock 44 for obtaining an inner product, 'a block 46 for sperformmg s
normal i zati on, and - 20 =
We claim:

1, A spectral estimation method for detecting an
overlay signal in a channel of a primary system, wherein the
primary system hasg a plurality of channels in which the overlay

§ saignal might be present at any given time, and wherein the
overlay signal is characterized by a clock frequency, the
method comprising the steps of:

(a) identifying which, if any, channel(s) of said
i érimary system are ocecupied by a signal; and

10 (b) identifying which, if any, of the signal(s) in
the channel(s) ijdentified in step (a) are an overlay signal,
said identifying comprising performing a non-linear operation
on each said signal to enhance a spectral component of the
signal at said clock frequency, and making a decision as to

15 whether the &ignal is an overlay signal on the basis of the
enhanced spectral component.

2. A method as recited in claim 1, wherein said
overlay signal is a Cellular Digital Packet Data (CDPD) signal.

3. A method as recited in claim 1, wherein said
20 primary system is a cellular telephone system.

4, A method as recited in claim 2, wherein said
primary system is a cellular telephone system.

S. A method as recited in eclaim 1, wherein step (a)
of claim 1 further comprises, with respect to each channel, the
25 substeps:
(1) receiving signal and noise components in said
channel; . ’
(2} processing the received components to enhance -
noise components outside a prescribed spectral band relative to
30 noise components within said prescribed spectral band;
(3) computing the ratio of spectral components within
said prescribed spectral band to the enhanced spectral
components outside said prescribed spectral band;
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a decision block 48. Note that, in FIG 3B, the mgnit%
using equation (10). An inner product is sinply the sum of the

product of two vectors (or tine sequences). For exanple

the nunerator of equation 10 is the square of the |nner “ﬂj ‘!ﬁ# ’{rs
p and [err]. Normalization is the process by which the enerby §s

spectral band of interest (i.e., around 19.2 KHz, in this case) is divided

by the energy of the signal as a mhole.}glrgnnve gain factors that apply to

(4) comparing said_ratio to a prescribed threshold
value; and _

(5) identifying the channel as carrying a signal if
said ratio exceeds said threshold.

5 6. A method as recited in claim 4, wherein step (a)
further comprises, with respect to each channel, the substeps:
(1) receiving signal and noise components in said
,channel;
(2) processing the received components to enhance
10 noise components without a prescribed spectral band relative to
noise compenents within said prescribed spectral band;

" (3) computing the ratio of spectral components within
said prescribed spectral band to the enhanced spectral
components wi%hout said prescribed spectral band;

15 (4) comparing said ratio to a prescribed threshold
value; and
(5) identifying the channel as carrying a signal if
said ratio exceeds said threshold.

7. A system for detecting an overlay signal in a
20 channel of a primary system, wherein the primary system has a
plurality of channels in which the overlay signal might be
present at any given time, and wherein the overlay signal is
characterized by a prescribed clock frequency, the system
comprising: '
25 (a) means for identifying which, if any, channel(s)
of said primary system are occupied by a signal; and
(b) means for identifying which, if any, of the
signal(s) in the channel(s) identified as occupied by a signal
are an overlay signal, said means for identifying comprising
30 means for performing a non-linear operation on each said signal
to enhance a spectral component of the signal at said
prescribed clock frequency, and making a decision as to whether
the signal is an overlay'signal on the basis of the enhanced
spectral component.
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bot h energi es and can bias the decision, if not normalized. This process is
descri bed mathematically by equation 10. Decision is sLﬂpLy_Lhe—epe%atrUn’

where the decision variable (conmputed in equation 10 in this
conpared to a threshold and a determ nation is nade in fi“nl ﬁ“ “ﬁﬂ“““
ot her hypot hesi s dependi ng on which side of t he 't hr eshol

variable lies. Results The inner-product technique is not conputatlon

I nt ensi ve - 22 =
8; A system as recited in claim 7, wherein said
overlay signal is a Cellular Digital Packet Data (CDPD) signal.

9. A system as recited in claim 7, wherein said
primary system is a cellular telephone system.

] 10. A system as recited in clainm 8, wherein said
primary system is a cellular telephone system.

11. A system as recited in claim 7, whersin said
means for identifying which, if any, channel(s) of said primary
system are occupied by a signal further comprises:

10 (1) means for receiving signal and noise components
in said channels;

(2)"”means for processing the received components to
enhance noise components without a prescribed spectral band
relative to noise components within said prescribed spectral

15 band;

(3) means for computing the ratio of spectral
components within said prescribed spectral band to the enhanced
spectral components without said prescribed spectral band;

{4) . means foxr comparing said ratie to a prescribed

20 threshold value; and _

(5) means for identifying a channel as carrying a

signal if said ratio exceeds said threshold.

12. A system as recited in claim 10, wherein said
means for identifying which, if any, channel(s) of said primary
25 system are occupied by a signal further combrises:
(1) means for receiving signal and noise components
in said channels; _
(2) wmeans for processing the received components to
enhance noise components without a prescribed spectral band
30 relative to noise components within said prescribed spectral
band;
(3) means for computing the ratio of spectral
components within said prescribed spectral band to the enhanced

G T
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since it inplenents a Fourier transformat a fixed frequency on a bl ock of
data. Tests have indicated that acceptable discrimnation between signals
i s obtainable by processing 10.41 ns of data, corresponding to 200 bits. It

is preferable to use the signal detection nethod descglﬂﬂm
shortlist the channels. The processing described abov umﬂmﬂlmum
detection and false alarmprobabilities in additive: whifte® ndi s¢ afd *

Rayl ei gh fading. In general, the detection probabilities do. not change nuch
bet ween the correl ator 40 - 23 -

spectral components without said prescribed spectral band;
(4) means for comparing said ratio to a prescribed
threshold value; and
(5) means for identifying a channel as carrying a
s signal if said ratio exceeds said thresheld.

13. A method for detecting an overlay signal in a
channel of a primary system, wherein the primary system has a
.plurality of channels in which the overlay signal might be
present at any given time, and wherein the overlay signal is

10 characterized by a predetermined expected value, the method
comprising the steps of:

(a) sampling signals in at least one channel to
obtain a predetermined number of samples for said at least one
channel;

15 (b) computing an error value for each sample on the
basis of the difference, if any, between the sample value and
the expected valua;

) (c) determining a minimum errer value;

(d) determining a reference value;

20 (e) determining a ratio of said minimum error value
to said reference value; and

(f) making a decision as to whether the signal is an
overlay signal on the basis of said ratio.

14. A method as recited in claim 13, wherein said
25 error values are mean-squared error (mse) values,

15. A method as recited in claim 13, wherein said
overlay signal is a Cellular Digital Packet Data (CDPD) signal.

'16. A method as recited in claim 13, wherein said
primary system is a cellular telephone system.

30 17. A wethod as recited in claim 15, wherein said
primary system is a cellular telephone system.

areow | | n|||| ii [ill




and square-|aw device 42. However, the correlator yields Iower fal se al arm
probabilities and, therefore, it is better than the s

is due to the fact that the square- Iam/deV|ce_|anenent
operation whereas correl ation has the effect of sm)othl ﬂmmmﬂa m
of noise over one-half bit interval. B. Method 2: M ni num quame
Error Detection ldentification of CDPD

- 24 -

18. A method as recited in claim 13, wherein said
reference value comprises an average of at least two error

values.

19. A system for detecting an overlay signal in a

5 channel of a primary system, wherein the primary system has a

plurality of channels in which the overlay signal might be

present at any given time, and wherein the overlay signal is

characterized by a predetermined expected value, the system
comprising:

10 (a) means for sampling signals in at least one
channel to obtain a predetermined number of samples for said at
least one channel;

(b} means for computing an error value for each
sample on the basis of the diffarence, if any, between the

15 sample value and the expected value;

(c) ‘means for determining a minimum error value;
(d) means for determining an average of at least two
error values;
_ (e) means for determining a ratioc of said minimum

20 error value to said average; and

(f) means for making a decision as to whether the
signal is an overlay signal on the basis of said ratio.

20. A system as recited in claim 19, wherein said
error values are mean-sguared error (mse) values,

25 21. A system as recited in claim 19, wherein said
overlay signal is a Cellular Digital Packet Data (CDPD) signal.

22. A system as recited in claim 19, wherein said
primary system is a cellular telephone system.

23. A system as recited in claim 21, wherein said
30 primary system is a cellular telephone system.

e
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REPLAGEMENT SHEET - 12 - As nentioned above, the CDPD probl em nmay be fornmnu-
| ated as a hypothesis testing problem [err] The channel is occupied by

CDPD, (7a) [err] The channel is not occupied by CDPD, (7b) [err]
The channel is a voice channel, (8a) <
- 28 -

ABSTRACT OF THE DISCLOSURE
Disclosed herein are methocds and apparatus for
detecting the presence of a CDPD carrier in a channel of a
cellular system (although the invention is broadly ap;.alicable.
5 to detecting a specific kind of carrier associated with an
"overlay" system, wherein an "overlay" system is one that
shares the frequency allocation of another system on a non-
q_ééperating basis). This specification describes a spectral
‘estimation- technique for detection of a CDPD carrier. - 1In
10 addition, this specification describes an MMSE (minimum mean-
squared error) method that improves on the spectral estimation
method.
Figure S5

22 FEB 1997
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[ekr] The channel is a control channel. (8b) In addition, the CDPD
signal is unique in having a fixed pul se shape and synbol tinme. The second
i nventive method is a Least Mean Squares error approach. It may be applied
either recursively or through a bl ock-processing technique. Sinulation
Description -As in the first method descri bed above, the sinmulator

I npl ements the entire transmt chain for all the signals and part of the
receive chain for a CDPD nobile end-st?tion. The

FIG. 1
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bl.ock di agram of the sinmulator, along with a description of the various
radi o sources that are likely to be present in the channel, are provided in
FI GS. 2A-2D. As nentioned above, the signal detection problem my be

fornul ated as a hypothesis testing problemstated as the binary hypothesis
test: [err] (la) [err]

(I'b) The signal s(t) is a GWSK signal of the form

FIG. 28
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[err] mith the frequency pulse: [err] REPLACEVENT SHEET - 13 - where T
represents the symbol tine, E represents the energy :

FIG. 34

40 — | }
' i r/72 -

G2

e ( . }2 I
DEMODULATED
SIGNAL
INNER PRODUCT }—> 11.11%2 Ao I

DECISION

F/G 3 5 | DEVICE

REPLACEMENT SHEET
// 2 2FEB 1997 -

en Replaced -

\\\\\\\\\\\\\\\\\\\\\\\\\




per symbol interval, h=0.5 is the nod
set to 0.5. The frequency pul se g(t)
response q(t) satisfies conven- tions
conti nuous phase nodul ati on signal s.
g(t) has infinite Iength (sup- port),
GwsK filter to three or four synbol

FIG. 44

ulation index, and the product BT is
has been nornallzed so that the phase
followed in the representation of
[err] Although the frequency pul se

I mpl enent ati ons comonly truncate the
nterval s. The non-causality of g(t)
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I's, converted into a delay of two synbol intervals. The received signal may
be noise n(t) or a conbination of signal s(t) and noise. Since there is a
possibility that the signal is transmtted or received by a nobile unit,
the operator F represents Rayleigh fading. The technique is analyzed in
additive white Gaussi an noi se channel s or Rayl eigh faded channels, since it
should work in stationary and nobile environnents. In one enbodi nent, the

denodul ator is assuned to be a s

Ao

3
N\

4
Ho

3
-

MIN. 7/

_J——a-4AV!ﬁZ46£' .

¥ %ém %
0 x %i‘g/ |
o} 383
S %3
S oS
3 E
|
Eg Wy W Ly Ly
ENEJRET I B
4 y | 'y 4
s & s ¥
O
. . N - ®*
S AL
. i ' W e
K\'J \’_____..__ 3 REPLACEMENT SHEET|

22 FEB 197

This Shest Has Been Repl

L] ll i




limtes-discrmnator 14 (FIG 1) and the denodul ated signal is nodel ed at
baseband as in equation (5) above, with the IF fllter be| ng a four pol e

Butterworth filter with cutoff at 15 kHz from t he{gagl {4
processing is perforned using sanples at 76.8 kHzj™ ey

ﬁ_ﬂB’ﬂ?%a’l'l ng rate

preferred enbodinent is a twelve tap FIRfilter

with a cutoff of 9.6 kHz. This filter is roughly jie

sanpl es per CDPD synbol interval. The post-det ecta’

t he GWBK frequency

6

he Spctrum of

FIG.5 = G
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pulse. FIGS. 4A-4C are referred to below in explaining the MVBE processi ng
technique. FIG 4A depicts a typical denodul ated signal, where the 10 dB
poi nt of the post- detection filter 18 (FIG 1) is 9.6 kHz. FIG 4B depicts
a waveform and the difference (error) between the received signal and the
expected value for the four sanples in a given synbol. FIG 4C
schematically depicts the processing per-: fornmed by the identification
block 20 (FIG 1). As shown in

FIG. 6 Coramr>
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FIG 4C, the CDPD I dentdiviagag-Hogedd) ock includes a T/4 demul tiplexing bl ock,
whi ch outputs signals [err] These signals are sinply the result of

dermul ti pl exi ng the stream of sanples that are obtained by sanpling the

anal og signal at four tinmes per synbol period. That is, first the output of
the limter discrimnator is sanpled at the rate: of

- 25 -

METHODS AND APPARATUS
CELLULAR DIGITAL PACKET DATA (CDPD)

ABS8TRACT OF THXE DISCLOSURE
Disclosed herein are methods and apparatus for,
detecting the presence of a CDPD carrier in a channel of a
cellular system (although the invention is broadly applicab]_e.
to detecting a specific kind of carrier associated with an
"overlay" system,  wherein an "“aoverlay" system is one that
shares the frequency allocation of another system on a non-
\ cooperating basis). This specification describes a spectral
estimation’ technique for detection of a CDPD carrier. - In
addition, this specification describes an MMSE (minimum mean-
squared error) method that improves an the spectral estimation
method.

[Figure 5 ]
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i 24a7-\ zfos
' REPLACENENT S1—I I%'T - 14 - 4 sanpl és per synbol period, the WIL\GEMEN’PSHEET
filtered using the post detection filter, and are then split into four

i SC@PEAEEM%E% bgEefe thresf of the processing takes place. The signals

p g_g)o pendj ng mse (ngan-squared error) conputation blocks
%%d %%E@__C nput atlomibl'ocks 52 are provided to a block 54

| Bobesrhpigt

£ y
_?;rﬁg?m g"% .."t'.{‘t‘b é“d”"‘fm THOSs ARD ABPARATUS FOR
' Abstract paged A to paged - PETECTING A CELLULAR DIGITAL
PACKET DATA (CDPD) CARRIER .

FIELD OF THE INVENTION

The present invention relates generally to methods and
apparatus for detecting a specific kind of carrier associated
with an *“overlay” system. An “overlay” system is one that
shares the frequency allocation of another system on a
non-cooperating (and non-competing) basis. One presently
preferred application of the present invention is in connec-
tion with detecting a Cellular Digital Packet Data (CDPD)
carrier, where the CDPD system constitutes an overlay
system vis-a-vis an associated cellular telephone system.
This embodiment is described herein as one exemplary
application of the present invention. However, except where
they are expressly so limited, the claims appearing at the end
of this specification are intended not to be limited to embodi-
ments for detecting CDPD signals.

BACKGROUND OF THE INVENTION

The CDPD system enables wireless transmission of data
over existing cellular systems, such as the Advanced Mobile
Phone System (AMPS). The CDPD system was designed to
provide data communications in the cellular frequency range
without impeding voice communications. The system uses
“mobile” telephone channels just as a modem uses a tele-
phone line but it is designed to jump from one frequency to
another when necessary, ie., when a new telephone call
starts in the cell.

The first live demonstrations of CDPD took place in early
1993. Advocates for CDPD believe the technology will be
inexpensive and cost effective because it builds on top of
eexisting cellular infrastructure and does not require any
additional spectrum allocation. Instead of requiring addi-
tional frequencies for data communications, CDPD uses.
temporal “gaps” that occur between voice calls to send data
in bursts. (A voice call involves the period of time between

~ the dialing of a number or reception of a call to hang-up of
the handset on either terminal unit.) 'Ibchnology bas been
developed to “frequency hop” and seek out gaps in cellular
conversations in the cellular spectrum. The frequency-hop-
ping technology is expected to be suﬂicxently robust to
handle the designed data transfer rate ( 19.2 kbps) in crowded
cellular markets.
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det’ermining the average of the two maxi rummse's. The ratio of the mininmum

nmse to the average of the two maximumnse's is determned b I .
out put of block 58 is provided to decision block 60, which ﬁéﬂ@?ym%ﬂm

hypot hesis is true, [err] or [err]. Block 58 takes as inputs the mninmm
Mean Square Error and the Average of tbepytwo maxi num Mean Square Errors and

forms the ratio of the t ntities e,fal | Mol 6 Ls9.on bl ock
o6 "com “pares'ti o' o S B e B Rt St RS
technology in combining all-purpose mobile communica-
tions with the technology of cellular phones, fax machines,
modems, electronic mail, and pen computing. Such products
will provide expanded communication capabilities to users.
Therefore, using existing hardware technology as a build-
ing block, CDPD will allow data to be transmitted across
existing cellular networks, enabling idle voice time on
cellular systems to be filled with packets of data. CDPD
technology, with a data transmission rate of 19.2 kbps, is up
to four times faster than competing wireless services. How-
ever, one of the requirements of a CDPD system is the
capability of a mobile unit or base station unit to efficiendy
(i.e., quickly and reliably) identify a CDPD transmission.

SUMMARY OF THE INVENTION

An object of the present invention is to provide methods
and apparatus for detecting the presence of a specific kind of
signal of an overlay system (e.g., a CDPD forward channe])
among all the channels of intercst, which may be large in
number, depending on the system associated with the over-
lay system. For example, there may be up to one thousand
channels of interest to an overlay CDPD system associated
with a cellular system. This specification describes a spectral
estimation technique for detection of a CDPD carrier. In
addition, this specification describes a second method that
improves on the spectral estimation method. The second
method in preferred embodiments is a minimum mean-
squared error (MMSE) method. The spectral estimation
method of the present invention involves “shortlisting™ the
number of channels scanned to a smaller number of occu-
pied channels. In this respect, the spectral estimation method
is like another proposed CDPD detection method (herein-
after sometimes referred to as the “RSSI method”) that uses
RSSI information to “shortlist” the number of channoels
scanned to a smaller number of accupied channels. RSSI
stands for Receive Signal Strength Indicator. It is a common
parameter measured in cellular and similar communication
devices to determine quality of the received signal for the
purpose of choosing the best amongst a set of candidate
channels, determining candidate channels for handoff, or
performing similar maintenance functions. It could be used
as a method to determine whether a given channel is
occupied by a signal of any kind or it is vacant. According
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[err] in block 60) to a threshold and decides in favor of a hypothesis
tlependi ng on the outcone of this conparison. The peak Ieveu“ymAcamENTgmﬁET
at optimumtimng is assuned to be [err]a. This enbodi nent of the invention
makes a deci sion on each sanple of the output of the post-detection filter
18. The decision is then used to calculate the mean-squared error with
respect to an expected signal |evel. F@pothe3|s [err] is declared if the

m ni num of the foufe Wi RESISmethcil) the GHoBiRE unit @id3olodidertitpnise maki ng a

decision, the cal Cgy1§¢hannel by. synchronizing and decoding each of the
shortlisted channels. One could detect the presence of a
CDPD (or like) signal on a given channel by first attempting
to receive on that channel as if indeed the signal was there
(i.e., synchronize to the incoming signal), collect a set of bits
that form an encoded word, attempt to decode that word, and
decide whether the signal was of the right type based on the
results of the decoding process. The problem with this
approach is that it takes a long time to synchronize to the
signal, collect enough bits to form a word and decode the
word to make a determination about the signal. The purpose
of the second method disclosed herein is to provide a
suitable alternative to this “shortlisting” method.

The spectral estimation method detects an overlay signal
in a channel of a primary system, wherein the primary
system has a plurality of channels in ‘which the overlay
signal might be present at any given time, and wherein the
overlay signal possesses a characteristic frequency, such as
the symbol clock frequency. The method comprises the steps
of (a) identifying which, if any, channel(s) of the primary
system are occup1ed by a signal; and identifying which, if
any, of the signal(s) in the channel(s) identified in step (a) are
an overlay signal from the overlay system. Step (b) com-
prises performing a non-linear operation on each signal to
enhance a spectral component of the signal at the carrier
frequency, and making a decision as to whether the signal is
an overlay signal on the basis of the enhanced spectral
component.

, In presently preferred embodiments of the invention, the
N overlay signal is a cellular digital packet data (CDPD) signal
and the primary system is a cellular telephone system.

In addition, in presently preferred embodiments, step (a)
further comprises, with respect to each channel, the substeps
of (1) receiving signal and noise components in the channel;
(2) processing the received components to enhance noise
components without a prescribed spectral band relative to
noise components within the prescribed spectral band; (3)
computing the ratio of spectral components within the
prescribed spectral band to the enhanced spectral compo-
nents without the prescribed spectral band; (4) comparing
the ratio to a prescribed threshold value; and (5) identifying
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mse;is normal i zed by the average of the two maxi mnum nse val u T I
6f this nethod has been conpared with the unnornalized netri gﬁp%&m\{[\ﬁsﬁéﬂ

anot her techni que that used the average of the three maxi mum nse val ues as

a normal - ization factor. The present met hod yi el ded faster conver- gence
of results than both of the others. éobabl e cause for the inprovenent is
illustrated in FIG 4B. Since two sarrpl s wthin a synbol interval may. be

close to the optinmum sgnpljn oint, the contribytions to the _nean-
P the char?nc‘l) as carrying a signal it the ratio exceeds the

threshold.

The second inventive method disclosed herein comprises
the steps of (a) sampling signals in at least one channcl to
obtain a prescribed number of samples for the at least one
channel; (b) computing an error value for each sample on the
basis of the difference, if any, between the sample value and
the expected value; (c) determining a minimum error value;
(d) determiining an average of at least two error values; (e)
determining a ratio of the minimum error value to the
average; and (f) making a decision as to whether the signal
is an overlay signal on the basis of the ratio. In presently
preferred embodiments - of the second method, the error
values are mean-squared error (mse) values.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of the receiver of a mobile
cellular telephone unit, which is one preferred environment
for the present invention.

FIGS. 2A-2C illustrate a simulation employing the inven-
tive techniques disclosed herein. FIG. 2A is a block diagram
of the simulator; FIGS. 2B, 2C and 2D are. block diagrams
of 2 CDPD transmitter 22-1, an AMPS control channel
transmitter 22-2, and a voice channel transmitter 22-3,
respectively.

FIGS. 3A and 3B depict processing techniques discussed
below. FIG. 3A depicts two non-linear operations, namely,
correlation 40 and squaring 42; FIG. 3B depicts filtering and

T thresholding employing an inner product 44, normalization
Yo . 46, and thresholding 48.

FIGS. 4A-4C illustrate the minimum meaa-squared error '
(MMSE) processing technique, the second method disclosed
herein. FIG. 4A depicts a typical demodulated signal; FIG.
4B depicts a waveform and four contributions to the mean-
squared error; FIG. 4C schematically depicts a processor for
performing CDPD signal detection.

FIG. § is a flowchart of the spectral estimation detection
method disclosed herein.

FIG. 6 is a flowchart of the MMSE detection method
disclosed herein.
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squéred error due to those two points may be close. Thus, in [ _
ef those points in the normalization factor adversely affect gﬁﬁé‘%'\’%m%“

discrimnation ability of the nmethod. Results Results have been obtai ned
for processing intervals of 2.6 nms and 5.2 ns. The | onger processing
interval could be used for confiriati-op of coarse results froma quick pass
over all channels of interest with a smaller processing interval. However,

there is seen to be a nmar gDETAILED DESERIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 is a block diagram of the receiver of a mobile
subscriber unit (i.e., a cellular telephone capable of receiving
a2 CDPD signal), which represents onc presently preferred
embodiment of the present invention. As shown, the mobile
unit comprises an RF (radio frequency) converter 10, IF
(intermediate frequency) filter 12, limiter-discriminator 14,
analog-to-digital (A/D) convertor 16, post-detection filter
18, and identification block 20. According to the present
invention, the identification block 20 comprises means for
detecting a CDPD carrier in accordance with one of the two
methods described below. All components, with the excep-
tion of the identification block 20, are generally well known

w to those skilled in the art. Therefore, details of blocks 10~18
- are described herein only as necessary to explain the present
invention.

A. Method 1: Spectral Estimation Detection

The spectral estimation detection method provides signal
processing solutions through manipulation of a demodulated
signal received by a mobile or base station unit. The present
inventors have broken the detection problem into two parts.
The first part involves the detection of any signal on the
channel, and the second part involves the identification of a
CDPD signal among occupied channels. The next section
describes a signal detection technique that will identify
channels that are occupied by signals that have a prescribed
signal strength or greater. This method serves as an alter-
native to scanning the RSSI over a given set of channels. It

may be performed within a time frame of 50 bit intervals
hd (2.6 ms), which is comparable to that proposed for the RSSI
method.

. Adescription of the CDPD detection problem is provided
after the description of the technique for identifying occu-
pied channels. Processing techniques that will yield good
discrimination between the various signals in the channel are
described. A simulation is thea described and the simulation
results are tabulated.

Signal Detection (Identification of Occupied
Channels)

The CDPD signal detection problem may be formulated
as a hypothesis testing problem (see, H. L. Van Trees,
Detection, Estimation and Modulation Theory, Part I,

Wiley, 1968): _
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- 15 - results at |ow signal -to-noise ratios, and it may be worth scanning
$hrough the whole set again using 2.6 ms of data. A maxi mum of three passes
will increase the probability of detection from95%to 99. 98¥rpfRe

t ot al
One

-6 -
Hy:r(=n() (la)

H:r()=Fls(0)+n(s) (1b)

The received signal may be noise n(t) or a combination of
signal s(t) and noise. Since there is a possibility that the
signal is transmitted or received by a mobile unit, the
operator F represents Rayleigh fading.

The signal s(t) is a GMSK signal of the form:

. - !
s(:):\l —%’f— cos[Zztfg+2M_£u;I g(‘t—ﬂ')dt]

=

@

with the frequency pulse (see J. B. Anderson, et al,, Digital
Phase Modulation, Plenum, 1986; Cellular Digital Packet

.Data System Specification, Prelim. Release V. 1.0, Jul. 19,

s(:)=—i—‘,‘—[a(m(_£€=_;_':__))_ | ®
2(=r(Na))]

where T represents the symbol time (for CDPD, symbol time
and bit time are synonymous), E represents the energy per
symbol interval, h=0.5 is the modulation index, and the
product BT is set to 0.5. The frequency pulse g(t) has been
normalized so that the phase response q(t) satisfies conven-
tions followed in the representation of continuous phase
modulation (CPM) signals:

. @
q)= J‘ 2it)dt=0.5, t—ee

Although the frequency pulse g(t) has infinite length, imple-
mentations commonly truncate the GMSK filter response to
three or four symbol intervals. In addition, the non-causality
of the frequency puise signal of equation (3) is converted
into a delay of two symbol intervals. The signal detection
technique has been analyzed in additive white Gaussian
noise (AWGN) channels and Rayleigh faded channels, since
it must work in stationary and mobile environments.

As mentioned above in connection with FIG. 1, in one
embodiment the demodulator is assumed to be a limiter-

[REPLACEMENT SHEET
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pass will take a maximumof 2.6 s. Table 1 gives a list of prohabilities

fFor interesting events. A nom nal probability of detection for RﬁﬂéAﬁﬁMgNTSHEET
over the set of channels is chosen to be 0.95. The sinplified scenario in

the tabl e does not consider the possibility of false-alarm The inplenented
schene woul d preferably nmake a pass ©wer the set of channels, short-listing
candidates in the prgcess, A second pass over the short-listed candi dates

is not expected to AdiFTipinatemdd. Thecdemgdulatedsignaddssmdeledi #te, under
wor st case. baseband, after IF filtering, as

Q.I}Q...:.‘R{ 1 +i0) (O + I } ©)
s o e e Y P+ @ P+

REFLACEMENT SHEET| The IF filter 12 chosen for the analysis was a four pole

T Butterworth filter with cutoff at 15 kHz from the carrier.

1 1 MAY vy The post-detection filter 18 in one presently preferred
embodiment is a twelve tap FIR filter at 76.8 kHz sampling
rate (corresponding to four samples per symbol interval)
with a cutoff of 6 kHz and is roughly matched to the GMSK
spectrum. The design of the post-detection filter is not
crucial to a discriminator detector implementation of the
receiver. Further details of the simulation are described
below. .

The objective here is to identify a measure that allows one
to distinguish between the two hypotheses Hy, H,. The
limiter-discriminator has the property of converting incident
white noise within the receiver bandwidth to a parabolic
spectral shape centered around the carrier. Thus, even as the
IF filter 12 suppresses incident noise at the band-edges, the
limiter-discriminator 14 will have the effect of enhancing

. those spectral components. If noise alone were passing
~ through the limiter-discriminator, the ratio of spectral com-
ponents within the matched (post-detection) filter bandwidth
to those outside the bandwidth should be smaller than the
same ratio calculated for hypothesis H;.
" Let x, represent the output of the limiter-discriminator 14
and let y, represent the output of the post-detection filter
| (this may be, e.g., a twelve tap FIR filter with cutoff 6 kHz).
N The decision metric is then represented by

2 e
Ay (X) = N
- 2
hZo(xkv-.t YN-1)

©®

where (X, X;. . . . X5) are the first N samples available to
make a decision. The decision delay N was chosen to be fifty
bit intervals, or 2.6 ms, and yields acceptable receiver
operating characteristics.

Identification of CDPD

The problem of identifying a CDPD signal among all
received signals may also be formulated as a hypothesis



channel conditions. TABLE 1 A list of interesting events and correspondi ng

probabilities of detection. EVENT PROBABI ﬁEﬁEA@EMENT SHEET
pass succeeds 0. 9500 One of three passes succeeds 0. 9998
Detection tinme <2.6 s 0.9500 Detection tinme <5.2 s

0. 9975 -8 -

testing problem. The hypothesis testing problem is formu-
lated as follows: There are two possibilities given that the
channel is definitely occupied by some signal:

Ho: The channel is occupied by CDPD (a)

H;: The channel is not occupied by CDPD. ' )

Hypothesis H, is in turn represented by two cases:
H,.: The changel is a voice channel (8a)

H,,: The channel is a control channel. (85)

'Iypica_.lly, all H,, cases will be eliminated by the signal
detection method described above. This is because the FSK
cpntrol channel has a wider bandwidth than the CDPD
signal. Moredver, the signal will have a strong spectral
component at 10 kHz, which will boost the denominator of
the metric in equation (6).

Tl'le processing techniques of the present invention (in
applications involving detection of CDPD) rely on the fact
that CDPD uses a digital modulation technique with a fixed
data (symbol) rate of 19.2 kbps. As opposed to CDPD, voice
communications is through analog FM, and has no fixed
signalling clock other than the 6 kHz Supervisory Audio

11 MAY 1999
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Tone (SAT). Control channcls, on the other hand, use
Manchester encoded FSK at a data rate of 10 Kbps.

The present inventors have studied two processing tech-
niques, aimed at locking on the 19.2 kHz symbol rate of the
output of the limiter-discriminator 14. These are schemati-
cally depicted in FIG. 3A. The first technique, represented
by circuit 40, correlates the output of the discriminator with
itself delayed by one-half bit interval; the second technique,
represented by block 42 (i.e., a square-law device), squares

the signal. It can be shown that both these techniques

produce a component at the signalling interval. Assuming
random data, whenever the CDPD signal transitions
between 0 and 1 it introduces a periodic-like segment in the
signal with a frequency of 9.6 kHz. It can be shown that
squaring a corrupted periodic waveform with a fundamental

frequency f, will produce a discrete spectral component at -'

the output of the square-law device at the frequency 2f;, (see,
W. B. Davenport and W. L. Root, An Introduction to the
Theory of Random Signals and Noise, IEEE press, 1987).
Power spectral density calculations for the correlator 40 and



Detection tine <7.8 s 0. 9998 The expected signal value is
dependent on the inplenen- tation of the limter-discrimn JC FLG 1
I't is recom mended that automatic calibration of the sche?@ﬂ:ﬁéx EN%NJ-SHEE
mented. This calibration could be dynam cally done. The nobile end-station
(or base station) could recalibrate when- ever the systemregisters on a
CDPD channel . There are two paraneters that should be optim zed for fine

tuni ng the signal squasmelw devidec4? havieecorifimiedethiafor the CDPD
signal. The output of either non-linear device should be
filtered at the frequency of interest. A third technique involv-
ing taking the fourth power of the matched filter output was
rejected since the effect of higher powers of a noisy signal
has the effect of noise enhancement, leading to poor perfor-
mance in moderate to low signal-to-noise environments. The
simplest waveform with a fundamental frequency of 19.2
kHz and a sampling rate of 76.8 kHz is the sequence

e={1,0-1,0,1,0-1,0, . .. -1,0,1}

of length N samples. The length N was chosen to be 800
samples, corresponding to 10.41 ms of data. It should be
noted that the signal

5~={0~1.0,1,0-L0, ... 1,0}

has the same fundamental frequency as, and is orthogonal to,
¢y The present invention uses the decision statistic as the .
variable :

2 2 '
A ] +[N-£l ] ®)
=1 =0 Z prce 0 PiSk
where p is a vector of suitable length derived from the
demodulated signal y processed using the correlator 40 or
the square law device 42 (FIG. 3A). Note that this is the DFT
of the processed signal at a frequency of one-quarter (%4) the
sampling rate or 19.2 kHz if the sampling rate is 76.8 kHz.
Examination of the spectrum of the demodulated signal
. subject to either of the non-linear processing methods shows
N’ that a CDPD signal has a strong component at 19.2 kHz and
an FSK signal has a strong component at 20 kHz. This latter
component is uncomfortably close to the desired component
at 19.2 kHz. In addition, since the demodulated FSK signal
has much greater power than the CDPD signal (this is due
to the wider deviation of the control signal), the output of the
filter should be normalized by the average energy in the
signal. This is done as follows: The frequency resolution of -
the signal <p, c,>+j<p,8,> is 76800/N. This corresponds to
96 Hz for a duration of 800 samples. If a smaller block
length is selected, say M=40 samples, the frequency reso-
lution would decrease to 1920 Hz. Therefore, a preferred
normalization technique uses the decision metric
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) filter 18 (FIG 1). This need not be identical

during reception. A wider bandw dth H’EP'LV\CEMEN‘F' SHEET
ce but will allow nore noise at the filter's

expected signal value in no noise conditions
tersynbol jonterference, a slightly w der

' nore effectiv The ot her paraneter that needs
tuning is|the expected S|gnal | eped=1] er f Tia opti num val ue di®a will be
t he aver age~peak—sanmptt [ 2”“’"‘] "'[kj)m]

Au (p)= 2 2
Mil { [ N/ﬂ'fi-l [ N/Mz—l ]
e o P ] *l & e }
The effect of the above metric is essentially that of normal-

izing the energy of a very narrow band filter with the energy
at the output of a filter with a broader bandwidth.

Simulation Description

The simulator implements the entire transmit chain for all
the signals, and part of the receive chain for the CDPD
mobile end-station (MES). FIG. 2A is a block diagram of the

. simulator. Block 22 includes the various radio sources that

g are likely to produce signals present in the channel. These
sources are a CDPD transmitter 22-1, an AMPS control
channel transmitter 22-2, and a voice transmitter 22-3. In
addition, the simulator includes a block 24 simulating Ray-
leigh fading, an interpolator 26, a block 28 simulating
additive white Gaussian noise, an adder 30, a demodulator
32 (e.g., a limiter-discriminator), and a detector 34. Blocks
32-34 of the simulator correspond to blocks 14-20 of FIG.
1.

FIGS. 2B, 2C and 2D, are block diagrams of the CDPD
transmitter 22-1, the AMPS control channel. transmitter
22-2, and the voice channel transmitter 22-3, respectively.
As shown, the CDPD transmitter includes a data source,
phase shaping GMSK filter, and a CPM modulator. The
control channel transmitter 22-2 includes a data source,

N Manchester encoder, wideband filter, FM modulator, and
25:1 decimeter. The voice channel transmitter 22-3 includes
a white noise source, weighting block, gain and preemphasis
block, deviation limiter, post-deviation filter, SAT source, 2
kHz deviation block, adder, and FM modulator, configured
as shown. The details of these components are not part of the
present invention and are not described herein.

As mentioned, the receiver uses a limiter-discriminator 14
(FIG. 1) for demodulation. The front-end filtering in the
receiver is a filter derived by scanning the front-end filter
used in field trials. The limiter-discriminator is implemented
at baseband by means of a phase detector followed by a
differentiator. The phase detector implementation requires a
high sampling rate, hence the need for the interpolator
within the waveform channel. Final signal processing is



val ﬁe at the 76.8 kHz rate. For the particular inplenmentation
REPLACEMENT SHEET -16 - disclosed herein, the val ue chosen gE@ENﬂB

val ue will

change dependi ng on the inpl enent at ion. The thresho

a first pass should allow a

- 11 -
performed using samples at 76.8 kHz. This amounts to four
samples per CDPD symbol interval.

FIGS. 3A and 3B depict the various processing techniques
discussed above. The two non-linear operations, depicted in
FIG. 3A, are correlation 40 and squaring 42. The filtering
and thresholding are depicted in FIG. 3B. The filtering and
thresholding operation employs a block 44 for obtaining an
inner product, a block 46 for performing normalization, and
a decision block 48. Note that, in FIG. 3B, the magnitude is
normalized using equation (10).

An inner product is simply the sum of the element-wise
product of two vectors (or time sequences). For example, the
first term on the numerator of equation 10 is the square of the
inner product of vectors p and c,. Normalization is the
process by which the energy is the spectral band of interest
(i.e., around 19.2 KHz, in this case) is divided by the energy
of the signal as a whole to remove gain factors that apply to
both energies and can bias the decision, if not normalized.
This process is described mathematically by equation 10.
Decision is simply the operation where the decision variable
(computed in equation 10 in this case) is compared to a
threshold and a determination is made in favor of one or the
other hypothesis depending on which side of the threshold
the decision variable lies.

Results

The inner-product technique is not computation intensive
since it implements a Fourier transform at a fixed frequency
on a block of data. Tests have indicated that acceptable
discrimination between signals is obtainable by processing
10.41 ms of data, corresponding to 200 bits. It is preferable
to use the signal detection method described above to
shortlist the channels. The processing described above con-
siders the detection and false alarm probabilities in additive
white noise and Rayleigh fading. In general, the detection
probabilities do not change much between the correlator 40
and square-law device 42. However, the correlator yields
lower false alarm probabilities and, therefore, it is better
than the square-law device. This is due to the fact that the

ol ce

square-law device implements a memoryless operation

whereas correlation has the effect of smoothing out the
effects of noise over one-half bit interval.

B. Method 2: Minimum Mean-Squared Error Detection
Identification of CDPD

1 1MAY %99




20-30% fal se al arm probability. Such a choice will yield detection
probabilities in excess of 98% at all SNR s of interest. On t

pass, the false alarmrate nay be greatly reduced. The two iné@ﬂ‘?\%&wTSHEET
met hods di scl osed herein will now be summarized with reference to FIGS. 5
and 6. Referring first to FIG 5, theldpectral Estimation Detec- tion

Met hod begi ns by corgyimenticned’abibve) the! CDPDepfoblém mdypbe formuh. The energy
outside the filteripands Widrhetid {48ting problem:

H,: The channel is occupied by CDPD, (7a)
H,: The channel is not occupied by CDPD, (7p)
H,.: The channel is a voice channel, (8a)
H,,: The channel is a control channel. 8d)

In addition, the CDPD signal is unique in having a fixed
pulse shape and symbol time. The second inventive method
is a Least Mean Squares error approach. It may be applied
either recursively or through a block-processing technique.

~ Simulation Description

As in the first method described above, the simulator
implements the entire transmit chain for all the signals and
part of the receive chain for a CDPD mobile end-station. The
block diagram of the simulator, along with a description of.
the various radio sources that are likely to be present in the
channel, are provided in FIGS. 2A-2D.

As mentioned above, the signal detection problem may be
formulated as a hypothesis testing problem stated as the
binary hypothesis test:

Hy:r(t)=n(1) (1a)
H :r()=Fls(sy+n(2) (1b)
o The signal s(t) is 2 GMSK signal of the form:
V)
o0 [
s(t):\l —2-1-."5- cos [2xf¢t+2uh_£mj g(‘t-ﬂ)dt]
with the frequency pulse:
1 yT-172 &)
= BT [ ———=——1 }-
0= [Q( ( \ in2 ))
T+ 112
onBT [ L2
o= ()]
REPLACEMENT SHEET
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corrput ed. Next, the decision variable is fornmed, for exanple, in accordance
w th Equation 6 The decision variable is then conpared vmtmgpmnEmNmS(H{EET
If the decision variable is not greater than the threshold, it is

determ ned that no signal is present. On the other hand, i f t he deci sion
variable is greater than the threshol d,13 ke net hod decl ares that a signal
Is present. Thereafter e Si naI .S Eass d, t hrough a correl ator or a

squar e- | aw devi ce (fo\"h@?g] sqn(ﬁ% yabol tipe q‘?yﬁdew ce 42
of FIG 3A. Thereaf- per symbol interval, h=0.5 is the modulauon index, t

product BT is set to 0.5. The frequency pulse g(t) has been
normalized so that the phase response q(t) satisfies tonven-
tions followed in the representation of continuous phase
modulation signals.

, @
g = J- §(0)dr=0.35, e

Although the frequency pulse g(t) has infinite length (sup-
port), implementations commonly truncate the GMSK filter
to three or four symbol intervals. The non-causality of g(t)
is converted into a delay of two symbol intervals. The
received signal may be noise n(t) or a combination of signal
w s(t) and noise. Since there is a possibility that the signal is
' transmitted or received by a mobile unit, the operator F
represents Rayleigh fading. The technique is analyzed in
additive white Gaussian noise channels or Rayleigh faded
channels, since it should work in stationary and mobile
environments.

In one embodiment, the demodulator is assumed to be a
limiter-discriminator 14 (FIG. 1) and the demodulated signal
is modeled at baseband as in equation (5) above, with the IF
filter being a four pole Butterworth filter with cutoff at 15
kHz from the carrier. Final signal processing is performed
using samples at 76.8 kHz, which amounts to four samples
per CDPD symbol interval. The post-detection filter 18 in
oone preferred embodiment is a twelve tap FIR filter at a 76.8
kHz sampling rate with a cutoff of 9.6 kHz. This filter is
roughly matched to the spectrum of the GMSK frequency

v puise.
' FIGS. 4A-4C are referred to below in explmmng the
MMSE processing technique. FIG. 4A depicts a typical

demodulated signal, where the 10 dB point of the post-

detection filter 18 (FIG. 1) is 9.6 kHz. FIG. 4B depicts a

waveform and the difference (error) between the received

signal and the expected value for the four samples in a given

symbol. FIG. 4C schematically depicts the processing per-

formed by the identification block 20 (FIG. 1). As shown in

FIG. 4C, the CDPD identification block includes a T/4

demultiplexing block, which outputs signals a;, b, ¢;, d.

These signals are simply the result of demultiplexing the

stream of samples that are obtained by sampling the analog

signal at four times per symbol period. That is, first the

output of the limiter discriminator is sampled at the rate of

REPLACEMENT SHEET
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ter, a decision variable is forned in accordance with Equa- tion 10. A
determ nation is then nmade whether the decision variable is greater than a
threshold. If not, the signal on the channel is declared a ndERCBREMENGSHEET
If the decision variable is greater than the threshold, the signal is

decl ared a CDPD signal. Al channels areqpreferably scanned in this manner.
Referring nowto FIG 6, the MSE net hod Qegi ns by demJIti‘]DI exi ng the signal
out put of the post - detésamplestpersgmbol period, the samples are filtered using

the post detection filter, and are then split into four separate
sets before the rest of the processing takes place.

The signals a,, b,, c;, d, are fed to corresponding mse
(mean-squared error) computation blocks 52. The outputs of
the mse computation blocks 52 are provided to a block 54
for determining the minimum mse and a block 56 for
determining the average of the two maximum mse’s. The
ratio of the minimum mse to the average of the two
maximum mse’s is determined by block 58. The output of
block 58 is provided to decision block 60, which decides
which hypothesis is true, H, or H,,. Block 58 takes as inputs
the minimum Mean Square Error and the Average of the two
maximum Mean Square Errors and forms the ratio of the two
quantities. The following block (decision block 60) com-
pares this ratio (also known as decision variable, denoted by -
AD in block 60) to a threshold and decides in favor of a
hypothesis depending on the outcome of this comparison.

e The peak lcvel of the signal at optimum timing is assumed
BN APTMTNT WBEET:  to be £a. This embodiment of the invention makes a decision
| REELACEMENT SHERL on each sample of the output of the post-detection flter 18.
1 { MAY 1599 ; The decision is then uscd to calculate the mean-squared
‘ error with respect to an expected signal level. Hypothesis H,
is declared if the minimum of the four mse’s is below a
chosen threshold. Before making a decision, the calculated
mse is normalized by the average of the two maximum mse
values. The result of this method has been compared with the
unnormalized metric, as well as another technique that used
the average of the three maximum mse values as a normal-
] ization factor. The present method yielded faster conver-
L gence of results than both of the others. A probable cause for
the improvement is illustrated in FIG. 4B. Since two
samples within a symbol interval may. be close to the
optimum sampling point, the contributions to the mean-
squared error due to those two points may be close. Thus,
inclusion of one of those points in the normalization factor
adversely affects the discrimination ability of the method.

Results

Results have been obtained for processing intervals of 2.6
ms and 5.2 ms. The longer processing interval could be used
for confirmation of coarse results from a quick pass over all
channels of interest with a smaller processing interval.
However, there is seen to be a marginal improvement in



18 (see FIG 1). Thereafter, the MSE of each denultipl exer branch (see FIG
4C) is conputed. The mininmum MSE is then found, and- then the aRE@LAQEMENTSHEET
two maxi mum MSEs is found. The ratio of the nininmum MSE to the aver age of
the two nmaxi mum MSEs is then conpared ;50 a threshold. If the ratio is not
greater than the threshold, the si gnal1 IS declared a non-CDPD signal. If

the ratio is greatgi @ Besi e rafifs St may B€Aaitied a COPD
signal. Finally, a?c hﬁ‘é 5?%9& Whble st 453t QSinl®3 B3k ofihrachannel s are
pre A maxunum of three passes will increase the probability of

detection from 95% to 99.98%. Assume the total number of

channels that the mobile end station scans over is 1000. One

pass will take a maximum of 2.6 s. Table 1 gives a list of

probabilities for interesting events. A nominal probabﬂny of

detection for one pass over the set of channels is chosen to

be 0.95. The simplified scenario in the table does not

consider the possibility of false-alarm. The implemented

scheme would preferably make a pass over the set of

channels, short-listing candidates in the process. A second

pass over the short-listed candidates is not expected to add

more than 1 second to the processing time, under worst case,

channel conditions.

TABLE 1

A Ist of interesting events and
corresponding probabilities of detection.

EVENT : PROBABILITY
One pass succeeds 0.9500
One of three passes succeeds 0.9998
Detection time <2.6 3 0.9500
Detection time <5.2 5 0.9975

. Detection time <7.8 5 0.9998

The expected signal value is dependent on the implemen-
tation of the limiter-discriminator 14 (FIG.. 1). It is recom-
mended that automatic calibration of the scheme be imple-

mented. This calibration could be dynamically done. The
o mobile end-station (or base station) could recalibrate when-
ever the system registers on a CDPD channel.

There are two parameters that should be optimized for
fine tuning the signal processor. One of them is the band-
width of the post-detection filter 18 (FIG. 1). This need not
be identical to the filter actually used during reception. A
wider bandwidth will yield less intersymbol interference but
will allow more noise at the filter’s output. Since, however,
the expected signal value in no noise conditions depends on
the amount of intersymbol interference, a slightly wider
bandwidth will probably be more effective. The other .
parameter that needs tuning is the expected signal level a.
The optimum value of a will be the average peak sample
value at the 76.8 kHz rate. For the particular implementation
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erably scanned. The present invention nay be enbodied in other specific

forms without departing fromthe spirit or essential
and, accordingly, reference should be made to the appended cl ai mREPLAE
than to the foregoing specification,

I nvention and the scope of protecti on~-ol® the fol | ow ng cl ai ns.

disclosed herein, the value chosen was 0.6. This value will
change depénding on the implementation.

The threshold choice for a first pass should allow a
20-30% false alarm probability. Such a choice will yield
detection probabilities in excess of 98% at all SNR’s of
interest. On the second pass, the false alarm rate may be
greatly reduced.

The two inventive methods disclosed herein will now be

_ summarized with reference to FIGS. 5§ and 6.

1 1NAY 399

Referring first to FIG. 5, the Spectral Estimation Detec-
tion Method begins by computing energy within the filter

- band width. The energy outside the filter band width is then

computed. Next, the decision variable is formed, for
example, in accordance with Equation 6. The decision
variable is then compared with a threshold. If the decision
variable is not greater than the threshold, it is determined
that no signal is present. On the other hand, if the decision
variable is greater than the threshold, the method declares
that a signal is present. Thereafter, the signal is passed
through a correlator or a square-law device (for example, the
correlator 40 or square-law device 42 of FIG. 3A. Thereaf-
ter, a decision variable is formed in accordance with Equa-
tion 10. A determination is then made whether the decision
variable is greater than a threshold. If not, the signal on the
channel is declared a non-CDPD signal. If the decision
variable is greater than the threshold, the signal is declared
a CDPD signal. All channels are preferably scanned in this
manner.

Referring now to FIG. 6, the MSE method begins by
demultiplexing the signal output of the post-detection filter
18 (see FIG. 1). Thereafter, the MSE of each demultiplexer
branch (see FIG. 4C) is computed. The minimum MSE is
then found, and then the average of the two maximum MSEs
is found. The ratio of the minimum MSE to the average of
the two maximum MSE:s is then compared to a threshold. If
the ratio is not greater than the threshold, the signal is
declared a non-CDPD signal. If the ratio is greater than the
threshold, the signal is declared a CDPD signal. Finally, as
with the Spectral Estimation Method, all channels are pref-

. erably scanned.

The present invention may be embodied in other specific
forms without departing from the spirit or essential attributes
thereof, and, accordingly, reference should be made to the
appended claims, rather than to the foregoing specification,
as indicating the scope of the invention and the scope of
protection of the following claims.

as_indicating the scope of the

attributes thereof
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si gnal

associ- ated with an overlay systemthat shares a fr
with the primary system wherein the primry system has a ““melty o]
fl

Shamet VR e Serty Sl one” Rty i

I n a channel

We claim: .
1. A method for detecting an overlay signal in a channgl
of a primary system, wherein said overlay signal is associ-

ated with an overlay system that shares a frequency alloca-

tion with the primary system, wherein the primary system
has a plurality of channels in which the overlay signal might
be present at any given time, and wherein the overlay signal
is characterized by a_predetermined expected value, the
method comprising the steps of:

(a) sampling a received signal in at least one channel to

obtain a predetermined number of samples for said at

least one channel;

(b) computing an error value for each sample, said error
value based on a difference, if any, between a sample

value and said predetermined expected value;
(c) determining a minimum error value;
(d) determining a reference value;
(e) determining a ratio of said minimum error value to

said reference value; and
(f) making a decision as to whether the received signal is

an overlay signal on the basis of at least said ratio,

wherein said decision is made by comparing said ratio
to a threshold value.

2. A method as recited in claim 1, wherein said error

values are mean-squared error (mse) values.
3. A method as recited in claim 1, wherein said overlay

signal is a Cellular Digital Packet Data (CDPD) signal.

4. A method as recited in claim 3, wherein said primary
system is a cellular telephone system.

5. A method as recited in claim 1, wherein said primary
system is a cellular telephone system.

6. A method as recited in claim 1, wherein said reference
value comprises an average of at least two error values.

_7. A system for detecting an overlay signal in a channel of
a primary system, wherein said overlay signal is associated
with an overlay system that shares a frequency allocation
with the primary system, wherein the primary system has a

plurality of channels in which the overlay signal might be
present at any given time, and wherein the overlay signal is
characterized by a predetermined expected value, the system
comprising:
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of a primary system wherein said over| BEPIAGRMENT SHEET
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be present__a_td__gﬂx_w_n_t,wﬁr—and wherein the overlay signal is
characterize y a predeternined expected val ue, _

Zt SPngI s Mumm““l““ﬂ"l Euﬂ)ved signal in at |east one channel

les for said at | east one channel ;

the met hod REPpACEMENS SiHEET

to obtain

(b)

conputing an errdr val te Yor each sanpl e, said error val ue based on a

di fference, if any, between a sanple val

val ue;

(a) means for sampling a received signal in at least one
channe] to obtain a predetermined number of samples
for said at least one channel;

(b) means for computing an error value for each sample,
said error value based on a difference, if any, between
the sample value and said predetermined expected
value;

(c) means for determining a minimum error value;

(d) means for determining an average of at least two-error
values;

(e) means for determining a ratio of said minimum error
value to said average; and

(f) means for making a decision as to whether the received

signal is an overlay signal on the basis of at least said

ratio, wherein said decision is made by comparing said
_ratio to a threshold value.

8. Asg system as recited in claim 7, wherein said error values
are mean-squared error (mse) values. '

9. A system as recited in claim 7, wherein said overlay

signal is a Cellular Digital Packet Data (CDPD) sxgnal

10. A system as recited in claim 9, wherein said primary

system is a cellular telephone system.

11. A system as recited in claim 7, wherein said primary

system is a cellular telephone system.

Elg and sai d predetern ned expected



(c) deternining a mninumerror value; (d) deternining a REPEAGEMENT SHEET
(e) determning aratio of .said mnimumerror value to said reference

val ue; and (f) making a decision as to whether the received signal is an
overlay signal on the basis of at |east said ratio, :wherein said decision
i s made by conparing said ratio to a_t{yeshold value. 2. A nethod as
recited in claiml1, wherein said error

METHODS AND APPARATUS FOR'
DETECTING A CELLULAR DIGITAL
PACKET DATA (CDPD) CARRIER

ABSTRACT

Disclosed herein are methods and apparatus for detecting the
presence of a CDPD carrier in a channel of a cellular system
(although the invention is broadly applicable to detecting a
specific kind of carrier associated with an “‘overlay” system,
wherein an “overlay” system is one that shares the frequency
allocation of another systerm on a non-cooperating basis).
_ This specification describes a spectral estimation technique
N’/ for detection of a CDPD carrier. In addition, this specifica-
" tion describes an MMSE (minimum mean-squared error)
method that improves on the spectral estimation method.

Figure 6




val ues are nean-squared error (nse) values. 3. A nmethod as recited in claim
1, wherein said overlay signal is a Cellular Digital Packet RERLACEMENDPHEET
signal. 4. A nmethod as recited in claim3, wherein said primy systemis a
cellular tel ephone system 5. A nethod as recited in claiml1, wherein said
primary systemis a cellular telephone system 6. A nethod as recited in
claim.1l, wherein said reference val ue tonpri ses an average of at |least two
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7. A systemfor detecting an overlay signal in a channel of a primary
system wherein said overlay signal is associated with an overlay system
that shares a frequency allocation with the pinmary system wREPCAGEMBNT SHEET
primary systemhas a plurality of channels in which the overlay signal

m ght be present at any given tinme, and wherein the overlay signal is
characterized by a predeterm ned expecped val ue, the system conpri sing:
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-18 - (a) neans for sanpling a received signal in at |east one channel to
obtain a predeterm ned nunber of sanples for said at |east OnﬂEpEﬁUﬂ“ﬁNTéﬁﬁET
means for conputing an error value for each sanple, said error value base

on a difference, if any, between the sanple value and sai d predeterm ned
expect ed

-3 -
! 72
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DEMODULATED
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DECISION

FIG. 38 | DEVICE
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val'ue; (c) means for determining a mininmumerror value; (d RIS Af
=determ'gliZ]g an average of at Iegst two error val ues; (e)(n%ans foﬁC%MENTSHEET
determining a ratio of said mninumerror value to said average; and (f)
means for making a decision as to whether the received signal is an overlay
signal on the basis of at |least said ratio, wherein said decision is nade

by conparing said -4 -

FIG. 44
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ratio to a threshold value. S. A systemas recited in claim7, wherein said
-error values are nean-squared error (nse) values. 9. A systemas recited in
claim7, wherein said overlay signal is a Cellular Digital REPKAGEMENTSHEET
(CDPD) signal. 10. A systemas recited in claim9, wherein said primry
systemis a cellular tel ephone system 11. A systemas recited in claim7,
wherein said primary systemis a cel g ar tel ephone system
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FIG. 6
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