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Low-Complexity Digital Tone Detector for
Telecommunications Switching Systems

VITO CAPPELLINI, MEMBER, IEEE, AND ENRICO DEL RE, MEMBER, IEEE

Abstract —An improved structure for an envelope detection multi-
frequency receiver based on digital nonrecursive quadrature filters is
proposed. The receiver utilizes a property of digital nonrecursive quadra-
ture filters to reduce the required computational complexity by a nominal
factor of 2 with a negligible hardware increase. The application to the tone
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detector implementation for two CCITT standard signaling systems is
considered, showing the low computational and structural complexity re-
quired by the proposed technique. The required multiplication rate is
reduced by more than twice with respect to other conventional approaches.

I. INTRODUCTION

ELECOMMUNICATIONS switching systems com-
monly use multifrequency tone transmissions for the
signaling operations. Bursts of one or more frequencies are
employed to encode the information to be transmitted and,
generally, noncoherent detection is preferred at the receiver
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because it attains the required system performance with an
acceptable implementation complexity.

Among the approaches proposed for a digital multi-
frequency receiver, including bandpass filtering [1}, [2], use
of the discrete Fourier transform [3], [4], tone parameter
extraction [5], pattern recognition detection [6], and en-
velope detection [7]-[10], the latter solution appears one of
the most promising and attractive methods from a practical
implementation point of view. It can be implemented, for
example, by multiplying the receiver waveform with two
in-quadrature sinusoids and subsequent low-pass filtering
[7] or by using two bandpass filters with a 90 degree phase
shift difference (quadrature filters) [8]-[10].

Here we present an improved structure of an envelope
detection multifrequency receiver based on digital quadra-
ture filters. In Section II the basic operations of a quadra-
ture detection receiver are briefly recalled, pointing out in
particular the advantages of using finite impulse response
(FIR) digital filters. In Section I1I the proposed receiver
structure based on the properties of digital FIR quadrature
filters [11] is presented. In Section IV the design of a tone
detector for the standard signaling systems CCITT Nos. 5
and R1 is described, showing that the required multiplica-
tion rate is reduced by more than twice with respect to a
straightforward solution to the quadrature tone detection
and by more than six times with respect to a conventional
bandpass approach.

II. QUADRATURE DETECTION

The envelope detection by quadrature filtering has the
advantage of avoiding any demodulation process at the
receiver, with respect to the more conventional technique
of multiplying the received signal with inquadrature
sinusoids and subsequent low-pass filtering [7].

The quadrature detection of one or more among M
possible frequencies f, i=1,---, M, can be realized by
supplying the received waveform to M couples of quadra-
ture filters H,(f) and H,(f) able to produce M Hilbert
transform pairs, x,(7) and %;(z), respectively, at their
outputs. The filters H,(f) are nonoverlapping bandpass
filters of sufficiently narrow bandwidth W, whose respec-
tive center frequency coincides with the nominal frequency
f, of a different transmission tone and the filters H (f) are
defined as

Hi(f)z_jsgani(f) (1)

being j=yV—1. The envelope of the ith transmission
frequency can be estimated as

a (1) = [x2(1)+52(0)]'” (2)

which in ideal conditions (i.e., absence of interferences and
noise and ideal filter frequency masks) should be a con-
stant value. An equivalent detection strategy is the evalua-
tion of

r(t)=ai(1) ©)
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that avoids any square root operation in the receiver imple-
mentation. The statistical performance of a receiver of this
type has been analyzed in [12] and a preliminary receiver
prototype using microprocessor-controlled CCD-based FIR
quadrature filters was described in [9].

As the envelope is a low-pass signal bandlimited to W /2,
the filtering operations involved in the envelope or en-
velope square evaluation may be performed only once
every 1/W seconds since it suffices to compute the quanti-
ties

r(n/W)=xi(n/W)+x}(n/W) (3a)

for n integer and i=1,---, M.

This is particularly advantageous for an FIR digital
realization of the filters H,(f) and H,(f) that may supply
the samples of their outputs directly at the reduced rate W.
This operation permits the time multiplexing of a single
hardware filtering unit among all the filters to be imple-
mented [9].

Furthermore, if the transmission frequencies satisfy cer-
tain conditions, the structure and the computational com-
plexity of a digital quadrature detection multifrequency
receiver can benefit from a property of digital quadrature
filters, as illustrated in the following section.

III. RECEIVER STRUCTURE

FIR linear-phase digital quadrature filters of even length
N have the property [11] that the impulse responses f(n)
and g(n) of the two filters

F(f)=A(f)e ™07, |fj< 2 (4)

1 L 1
=B S i 2 8o =y (=) )
G(1)== jsenfA( =57 e . i<
(5)
1/T being their associated sampling rate, are simply re-
lated by

g(n)=+x(-1)"f(n), 0<n<N-1 (6)

where + is for N =2(2k) and — is for N = 2(2k + 1), with
k any integer. The filter G(f) is the quadrature filter
associated to the linear-phase filter whose magnitude re-
sponse is the symmetric one of that of F( f) with respect to
1/4T. The two filters F(f) and G(f) have their impulse
responses simply related by an alternate sign inversion
operation.
If the M possible transmission frequencies f,

1,- -, M (M even) satisfy the relation

=1/2T~f, (7)

1/T being the sampling rate of the signal digital filtering
inside the multifrequency receiver, the couples of quadra-
ture filters H,(f), H,(f), and Hy, ,.,(f), HM +1(f) are
symmetric with respect to 1,/47T and, if they are realized by
FIR linear-phase digital filters of even length N, according
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Fig. 1. Filtering structure exploiting the property of digital quadrature
FIR filters.

to (4), (5), and (6), their impulse responses are in couples
related by

hr—ii(n)=+(=1)"h,(n)
ha—ia(n)=%(=1)"h,(n),

According to the properties (8), the filtering structure of
Fig. 1 supplies two different signals (out 1 and out 2) to the
quadrature envelope detector essentially through the com-
putational complexity of only one filtering operation. It
only needs an additional adder to the classical FIR filter
structure realized in the direct form. When in Fig, 1

h(n)=h,(n), =15k

(8a)

i=1,---, M. (8b)

M (9)

out 1 supplies x,(k7T") and out 2 supplies + Xries(kT),
k integer, while when

h(n)=;1i(n), (10)

out 1 supplies %;(k7") and out 2 supplies + X hgg g (TS
the sign depending on the filter length. The sign uncer-
tainty can, of course, be removed, but is inessential in the
present application due to the square operations in (2). In
the time interval T between two consecutive signal sam-
ples, the switching of the two sets of filter coefficients
h.(n)and iz,.(n), 0 <n < N -1, for a specific i, is sufficient
to supply the four quantities x,(kT'), %,(kT), x,,_,.(kT),
and %,,_,.,(kT) necessary for the envelope evaluations at
the frequencies f; and f,,_,,, at the time instant ¢ = kT
according to (2) or (3).

According to (3a), the single hardware filtering unit of
Fig. 1 can be time-multiplexed among more than two
couples of quadrature filters if the switching and filtering
operations are sufficiently fast. As a limiting situation, all
the 2 M filterings can be performed through the switching
of the corresponding M sets of filter coefficients. Inter-
mediate hardware implementations are possible by using
few hardware filtering units to preform all the 2 M required
filterings.

The hardware structure of Fig. 1 performs the 2M
quadrature detection filterings essentially through the com-

i=1,--+, M
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Fig. 2. Frequency response of the FIR bandpass filter centered on 900
Hz with 38 coefficients rounded to 8 bits. By alternate sign inversion of
its coefficients it also gives the quadrature filter associated to the
bandpass filter centered on 1500 Hz.

putational load of M filterings (thus increasing the receiver
speed by a nominal factor of 2).

Classical design techniques [17] lead to real FIR digital
quadrature filters that do not have their passband ripples
aligned. It is a straightforward matter to show that this
misalignment produces a time-varying envelope square
estimate in the range 1+28 times the true value, being
d <1 the maximum passband ripple. When this effect
could not be tolerated, the design of complex FIR filters
can be carried out [13]-[14]. The real and imaginary parts
of their impulse response synthesize quadrature filters with
perfectly aligned masks.

IV. A Case STUDY: APPLICATION TO CCITT Nos.
5 AND R1 SIGNALING SYSTEMS

As a particular application example the design of a
digital tone detector for the CCITT signaling systems Nos.
5 and R1 [15], [16] is considered here. For register signaling
they employ a two-out-of-six frequency code. The pre-
scribed nominal frequencies are 700, 900, 1100, 1300, 1500,
and 1700 Hz, with a duration ranging from several tens of
ms up to 100 ms.

To apply the above theory, the sampling frequency of
the digital quadrature filters must be equal to 4800 Hz. Six
couples of quadrature filters are required for the envelope
detection of each tone. Of course, according to relations
(8), with M =6, only six different real filters or three
different complex filters need to be actually designed. Real
filters of the equiripple type were chosen and designed by
the computer program based on the Remez exchange algo-
rithm [17]. The frequency specifications imposed by the
CCITT requirements are met by FIR filters of length
N = 38, with coefficients rounded to 8 bits. Fig. 2 shows, as
an example, the frequency response of designed bandpass
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filter of the couple of quadrature filters centered on 900
Hz. With alternate sign inversion of its coefficients it also
gives the quadrature filter associated to the bandpass filter
centered on 1500 Hz. According to (3a) the outputs of the
twelve different filters may be supplied at the rate W = 200
Hz, which is the separation interval of the tone frequencies.
Therefore, recalling (8), the multiplication rate necessary
for the implementation of all the filters amounts to 6 X 38
X200 = 45 600 mults/s (not considering here and in the
following the symmetry property of the filter coefficients).

In PCM applications, where the input signal is supplied
at the 8 kHz rate, a sampling frequency conversion to 4.8
kHz is necessary before applying the above quadrature
envelope detector theory. The sampling frequency conver-
sion factor is 4800,/8000 =3 /5, which can be accom-
plished by [18]: 1) increasing three times the PCM rate
through the insertion of two zeros between any two con-
secutive PCM samples, and 2) filtering by an appropriate
low-pass filter retaining only every fifth sample at the
output. The focal point of the sampling rate conversion is
the design of the low-pass filter operating at 24 kHz that
has to attenuate to a sufficient degree the baseband signal
replicas in order to prevent aliasing in the decimation
process. An FIR design is a convenient choice for such a
low-pass filter. Considering the frequency range occupied
by the possible transmission tones and the CCITT operat-
ing specifications, an equiripple FIR filter of length 9 is
sufficient with coefficients rounded to 8 bits. To produce
the desired output, it needs 9 X 4800 /3 mults /s. Hence, the
overall tone detector computational complexity amounts to
60 000 mults /s.

The absolute delay introduced by the sampling rate
conversion filter is $(9—1)/24 ms=0.1667 ms, and the
transient response of the quadrature FIR filters is $(38 —
1)/4.8 ms = 3.854 ms. Their sum ( ~ 4 ms) is small com-
pared to the tone duration. Therefore, the time response of
the filters assures a correct receiver operation for most of
the time.

As a comparison, the multiplication rate of a quadrature
envelope detector directly operating on the 8 kHz PCM
signal would be 12X 60 <200 =144 000 mults /s, requiring
at least FIR filters of length 60 to achieve comparable tone
detector performance: indeed, in [10] FIR filters of length
64 are proposed. The solution based on demodulation of
the incoming signal followed by digital IIR low-pass filter-
ing, presented in [7], needs 240 000 mults/s. Other ap-
proaches based on bandpass filtering of the received tones
have even greater multiplication rates because they must
supply the output signals at the 8 kHz frequency of the
input signal, even though six bandpass filterings are now
sufficient: for example, the system proposed in [2], employ-
ing six infinite impulse response fourth-order bandpass
filters operating at 8 kHz, requires 384 000 mults/s.

V. CONCLUSIONS

An improved structure of a quadrature detection multi-
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frequency receiver has been proposed that, exploiting in
particular a property of digital quadrature filters, greatly
reduces the computational load of the overall receiver.
Consequently, more efficient hardware implementations
with a reduced complexity can be realized through the
time-multiplexing of a single filtering unit, like that shown
in Fig. 1. These characteristics suggest the proposed struc-
ture as a possible alternative solution with respect to more
conventional structures of digital tone detectors for tele-
phone network switching systems. As shown by the consid-
ered application to the CCITT standard signaling systems
Nos. 5 and R1, the computational saving ranges from more
than twice up to six times with respect to other approaches.
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