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Summary The pulse stuffing technique for rate equalization of digital channels is
generalized in this article to the stuffing of a sequence of pulses (a word), which can be
coded. The extra capacity needed for signaling the stuffed word decreases exponentially
with the number of pulses in it, and may, in fact, be eliminated at a negligible increase in
the error rate of the channel.
Introduction In digital communication networks it is often necessary to time-division
multiplex a number of digital channels with different and fluctuating pulse rates into a
single high rate link, and to invert this operation (demultiplex, or decommutate) at
various receiving points down the line. In order for this process to function properly, it is
necessary to have the pulses in each channel occur at specified instants in time so that
they may be sampled in an order known to the receiving stations. This retiming process
is called synchronization. It can be effected by reading the pulses of each channel into an
elastic memory buffer, and reading out the contents of each buffer in sequence.

(1)
is the buffer depletion rate, and it must be made up by inserting extra pulses (or time
slots) into the output stream. These stuffed pulses must be identified and deleted at the
receiving stations (after decommutation) in order to prevent decoding errors. The
transmission of this identification information requires extra channel capacity.
Several synchronization schemes using pulse stuffing have been reported in [1-7]. In
each case a pulse is inserted into the output stream as soon as the memory buffer is
empty. The methods differ, however, in the manner of signaling the presence of the
stuffed pulse. In added bit signaling [6,7], the signaling channel is created by adding an

extra pulse for every N data pulses, this corresponds to an increment of 1/N in the total
channel capacity. In statistical subcarrier signaling [4], each of the I most probable data
words is assigned two symbols Ai and Bi = 1,2,....I, and the presence of a stuffed pulse is
signaled by substituting Ai’s for Bi’s. In this case the amount of additional channel
capacity set aside for signaling stuffed pulses is not clearly defined, however, it is
evident that the introduction of extra symbols into the channel alphabet is equivalent to
increasing the capacity.
The purpose of the present discussion is to generalize the concept of pulse stuffing to
word stuffing, a word being defined as a sequence of k pulses, in order to reduce the
capacity of the signaling channel. This requires that the buffer memory increase
proportionately to the length of the stuffed word. The question of whether to use more
memory and less signaling capacity or vice versa is a matter of economics of the
particular situation.
Equalization Using Stuffed Words The operation of an elastic memory buffer is
analogous to a reservoir which can be filled intermittently while being drained at a
steady rate. Consider a buffer with a memory size of k pulses. When the contents of this
buffer have been depleted to some reference, say zero, the buffer must be allowed to
refill by a temporary pause in its readout. At the same time a predetermined sequence of
k pulses, a word W, is inserted into the output stream in order to maintain the
synchronous rate s. (Actually there is no such thing as not inserting pulses, since the
absence of a signal is part of the code). The time interval involved in the word stuffing
operation is k/s, and during this time interval

(2)

pulses for reading into the buffer. Because of the discrete nature of read-in and read-out
mechanisms, k’ is either the greatest integer in, or the nearest integer to the quantity on
the right hand side of (2). If r is the average value of r(t), then the average value of k’ is
kr/s.
The average rate of occurrence of stuffed words is equal to the average depletion rate
divided by the average number of pulses read in, that is, s(s-r)/kr. Thus, although the
exact time of occurrence of a stuffed word is Unpredictable, stuffed words occur on the

average only one kth as often as stuffed pulses, and require only one kth the signaling
rate.
An even better approach is to signal the occurrence of a data word W rather than the
stuffed word. Thus, in the absence of signaling, the receiver is arranged to detect and
delete the sequence W, and signaling is used to inhibit deletion when there is a data
sequence W. In this way, only the stuffed word W is removed, provided that there are no
transmission errors. For a non-zero channel error probability, the situation becomes
somewhat more complicated due to the possibility of errors of the first and second kind
(non detection of W and false alarms), this matter will be taken up in the next section. If
the data stream consists of m equiprobable pulses, the probability of a data word being
W is m-k and the average signaling rate is only r/(kmk), which is smaller than the rate of
stuffed words s(s-r)/kr when k > logm [r2/s(s-r)] . Finally, it is of interest to observe that
signaling may be discarded at the price of allowing the error probability to increase by
about m-k. This is accomplished by forcing the transmitter to change one (or more) pulses
in the data sequence W. If the channel were error free, all data would pass through the W
detector at the receiver, however, the data word that was W will have one pulse in error,
causing the average error probability to increase by m-k/k. The number of intentional
errors will increase when redundancy is introduced to combat errors of the first and
second kind.
Errors of the First and Second Kind Let p be the error probability for a binary
symmetric channel (m = 2). The probability of not detecting the stuffed word, P1 , is then
(3)

(4)

or, the average rate of the inhibit signal is rPI. However, the probability of an error of the
first kind is now only

(5)

(6)
and the probability of having j-i # d-h is
(7)

(8)
Performance The total increment in the average error probability is then
(9)
For a given value of k, the above expression will have a minimum with respect to d
because P1 decreases with d while P2 and P1 increase. In many practical situations )p .
PI . For example, consider a channel with 0 # (s-r)/r # 1 and an error probability p = 10-6 .
Then, if k = 30 and d = 1, P1 and P2 are negligible compared to PI which is ~ 2-30 . 10-9,
so that )p is only .1% of p; and this is with no signaling.
It might be argued that errors of the first or second kind are the most catastrophic, since
their occurrence upsets the data flow, causing, possibly, serious difficulties in decoding.
It is, therefore, of interest to minimize the average rate of occurrence of undetected

stuffed words or false alarms. The relevant expression, when s . r, so that s(sr)/r2 . (s-r)/ r, is
(10)
where u is the average rate of occurrence of errors of the first or second kind. Table I
presents u in events/year, for a channel with p = 10-6 , s = 1.544 x 106 pps and
s-r = 200 pps, as a function of k and d. The minimum value of u for each choice of k is
underlined, indicating the best choice for d.

Table I. Yearly occurrence of errors of the first or second kind as a function of stuffed
word length k and redundancy d for a channel with P = 10-6 , s = 1.544 x 106 pps and
s-r = pps.
Conclusion This article investigated the performance of rate equalization schemes
based on the concept of pulse stuffing. It was shown that by increasing the length of the
sequence of stuffed pulses, a previously neglected quantity, it is possible to reduce, and
even to eliminate, the need for an auxiliary signaling channel. The analysis presented for
the binary symmetric channel is a worst-case solution because each data sequence was
assumed to be equally likely. If non-uniform statistics prevail, the stuffed sequence
should be the least probable data word. Finally, it should be noted that word stuffing is
particularly suitable in equalizing channels with large fluctuations in rate.
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