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ABSTRACT 

The proliferation of data services requlrlng 
variable amounts of bandwidth has necessitated 
the study of methods of integrating voice and 
data within networks and switching nodes. 
These methods may be classifed into two broad 
categories, viz, hybrid strategies and 
integrated strategies. The purpose of this 
paper is to discuss and compare various 
examples of these strategies in the context 
of a switching node. The strategies are com
pared on the basis of transmission efficiency, 
delay characteristics, and switching system 
complexity using suitable analytical and 
simulation models. 

1. INTRODUCTION 

The purpose of integrated or hybrid switching 
strategies is to combine voice and data traffic 
in a switching node. Voice traffic is charac
terized by real-time requirements, (i.e., 
synchronous service) and long, regular transmi
ssion. Data traffic, on the other hand, is 
characterized by non-real-time requirements and 
short, bursty transmission. Circuit switching 
of both voice and data traffic makes inefficient 
use of those circuits carrying data, and makes 
it difficult to transmit data requiring more than 
the bandwidth of a single voice circuit. The 
integration of voice and data traffic within a 
node by handling each type of traffic according 
to its requirements provides greater flexibility 
of service and economies of scale [1]. 

The various strategies for combining voice and 
data in a facility represent a continuum of 
alternatives as shown in Figure 1. At one 
extreme there are systems where the different 
types of traffic are physically segregated. An 
example of this would be two separate switches 
and networks side by side, with one handling 
voice traffic and the other handling data 
traffic. The actual segregation of the traffic 
could occur at the device itself or at the 
switching node. 

Further along the scale are hybrid strategies. 
In these switching schemes, a single physical 
entity is used, but each type of traffic main
tains ~ts identify and is handled separately. 

Session 1.1 rIC-I0 

To the right of the hybrid systems is a grey 
area where the distinction in terms of service 
between various traffic types becomes less clear. 
For example, a system which packetizes both 
voice and data traffic but gives priority to 
voice packets would fall in this area. At the 
far right of the scale are pure integrated 
systems. In these systems all traffic is 
packetized and no distinction is made between 
different classes of traffic. 

Separate 

systi~m' __ II--HY_brid-+-I __ -+-1 p_ure--1'T,·ted 

Fixed Movable 
Boundary Boundary 

Packetized Packetized 
Priorities 

Figure 1: Continum of Strategies 

Four switching strategies, consisting of two 
hybrid schemes and two integrated schemes, are 
considered here. The hybrid structures examined 
are what have commonly been referred to as fixed 
boundary hybrid and movable boundary hybrid 
strategies [2-8]. In both of these strategies 
a frame structure is imposed on the switch as 
shown in Figure 2. At the beginning of each 
frame are a number of 'circuit-switched' slots 
which are used for voice traffic. The data 
traffic is packetized into variable length 
packets with a maximum limit, and transmitted 
in a packet-switched fashion during the 
remainder of the frame. 

In the fixed boundary hybrid switching strategy~ 
the boundary between the voice slots and the 
data portion of the frame is fixed for all 
time. Data is not allowed to use any of the 
voice portion of the frame. In a movable 

Figure 2: Hybrid Frame 
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boundary system, the boundary varies dyna
mically with the voice traffic. At each call 
set-up or take-down, the circuit switched 
slots are rearranged to occupy the first part 
of the frame. Any unused slots may then be 
allocated to the data transmission portion of 
the frame. 

In addition to these hybrid structures, two 
schemes falling into the integrated class were 
studied. In these integrated switching 
strategies, both voice and data are packetized 
and transmitted in a packet-switched mode. 
No priority is given to either packet type. 
The feature distinguishing the two strategies 
is the length of the data packets. For one 
scheme, all packets are of fixed and equal 
length. This reduces the impact of data 
traffic on the voice traffic, but decreases 
the efficiency of the system. This type of 
system is called a fixed packet integrated 
strategy. In the second integrated scheme 
studied, the length of the data packets is 
allowed to vary up to a fixed maximum. This 
increases the efficiency of the system but 
also increases the value of the maximum delay 
possible in the system. This type of system 
is called a variable packet integrated 
strategy. 

Section 2 describes the switch architecture 
and assumptions used for this study. Section 
3 describes the performance models and 
presents the results of the performance 
analysis. This is followed by a discussion 
of the system design considerations (Section 
4) and the concluding remarks (Section 5). 

2. SWITCH ARCHITECTURE AND ASSUMPTIONS 

In order to compare the various techniques of 
combining voice and data in a switching node, 
a general switch architecture needs to be 
chosen. For the purposes of this study, a 
node consisting of a central switching unit 
serving a number of peripheral units, as 
shown in Figure 3, is selected. The central 
and peripheral units may be physically 
located in the same place, or the peripheral 
units may be in locations remote to the central 
unit. The central switching unit has adequate 
capacity to handle the maximum possible load 
from the peripheral units. The integrated 
and hybrid switching strategies are used to 
transmit traffic between the peripheral units 
and the central switching unit. 

Given this general switch architecture, 
certain other parameters are required in order 
to carry out the analysis of the various 
switching strategies. These parameters 
include link speeds, frame sizes, packet sizes, 
overhead fields, blocking criteria, and voice 
processing capabilities. 

For the purposes of this study, it is assumed 
that the switch will block voice calls if it 
determines that insufficient bandwidth is 
available to accommodate the voice call. It 
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CSU: Central Switching Unit 
PU: Peripheral Unit 

Figure 3: General Switch Architecture 

is also assumed that no speech processing is 
done for transmission within the switching 
node itself. These assumptions are unique 
to the switching node environment and represent 
a variation in the standard assumptions made 
for studies of hybrid strategies applied to 
transmission facilities [8]. 

The header or overhead in a given system 
consists of a number of different fields 
attached to each packet and circuit switched 
slot. In any system transmitting packets, an 
addressing field is required to explicitly 
determine the route the packet is to take. In 
addition to this overhead, systems supporting 
variable length packets require a field in 
every packet to indicate the packet length. A 
final field is required in both packet and 
circuit switched slots for error and control 
information. For the purposes of this study, 
the addressing field is assumed to be eight 
bits and the length and error/control fields 
are each assumed to be four bits. 

In addition to the nature of the overhead per 
packet, the amount of information per packet or 
slot is required. For voice packets or slots, 
the number of voice samples contained in each 
slot or packet determines the frame size in the 
hybrid structures and the arrival rate of 
packets in the integrated structures. A severe 
limit on the size of both voice packets and 
slots is the rount-trip delay specification 
for switching nodes [9]. The specification of 
delay includes codec, filtering, packetization, 
and depacketization delays as well as delays 
due to transmission through the switch itself. 
In order to meet the specification, the slot 
size or packet size must be such that the frame 
repeats, or the next packet becomes available, 
every 250 to 500 ~s. For the purpose of this 
study, a frame size of 250 ~s is chosen. 
Assuming a voice sampling rate of 8 kbytes/s, a 
voice slot or packet contains two one-byte 
voice samples. 
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SYSTEM CLASS FIELD (BITS) TOTAL 

ADDRESS LENGTH ERROR/ 
DATA 

I"ENGTH 
CONTROL (BITS) 

HYBRID VOICE 0 0 4 16 20 
DATA 8 4 4 96 112 

VARIABLE PACKET VOICE 8 0 4 16 28 
INTEGRATED DATA 8 4 4 96 112 

FIXED PACKET VOICE and 
INTEGRATED DATA 8 0 4 16 28 

Table 1: Frame and Packet Parameters 

For the fixed packet integrated system, the data 
packets are, by definition, the same size as 
voice packets and consequently, contain two 
bytes. In the hybrid systems and variable 
packet integrated system, the data packets can 
vary in length. The maximum amount of informa
tion contained in a data packet of this type is 
set to be six times that of the fixed packet 
system. 

In order to determine the maximum number of 
voice slots that should be reserved in the 
hybrid structures, the transmission speed of the 
links connecting the peripheral units to the 
central switching unit must be specified. A 
link speed of 10 Mbs has been used in this study. 
This allows the integrated structures to carry 
89 voice calls on each link. In order to com
pare the hybrid and integrated structures, the 
voice call-carrying capacity, in the absence of 
data, is fixed to be the same for all structures. 
Consequently, a maximum of 89 voice slots is 
allocated in the hybrid schemes. 

Table 1 summarizes the above discussion of 
frame and packet parameters. 
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Figure 4: Transmission Efficiency 
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Using this general switch architecture, the four 
switching strategies are compared on the basis 
of three criteria. These criteria are trans
mission efficiency, end-to-end delay charac
teristics, and the implementation complexity of 
the peripheral unit to central switching unit 
link interfaces. 

3. PERFORMANCE ANALYSIS 

Transmission efficiency is defined as the ratio 
of the maximum amount of information to the 
total bandwidth available, where total band
width available is defined to be the speed of 
the transmission medium (i.e., the links 
connecting the peripheral units to the central 
switching unit) and the maximum amount of 
information is defined as the largest possible 
amount of traffic, excluding any header or 
over head field s. 

Using the switch architecture assumptions out
lined in Section 2, Figure 4 illustrates the 
transmission efficiency of the systems, 
assuming each system is carrying the maximum 
possible amount of traffic at the given 
voice/data mix. All four systems are designed 
to carry the same amount of voice traffic in 
the absence of data traffic. Consequently, at 
100 percent voice traffic, all systems have the 
same efficiency. As the percentage of voice 
traffic decreases, the hybrid and variable 
packet integrated structures increase in 
efficiency. The efficiency of the fixed bound
ary hybrid structures peaks at the point where 
the ratio of the voice and data traffic is 
identical to the ratio of the voice and data 
portions of the frame. Beyond this point, the 
efficiency of the fixed boundary .hybrid 
structure decreases due to the unused voice 
slots. 

The movable boundary hybrid and the variable 
packet integrated system approach the same 
efficiency as the percentage of data traffic 
increases. When the systems are carrying 
nothing but data, the movable boundary hybrid 
structure and variable packet integrated 
structure are identical. 

The mix of voice and data traffic does not 
affect the efficiency of the fixed packet 
integrated system. This type of system is 
completely independent of the type of traffic 
it is carrying. 
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The second criterion used to compare the 
switching strategies is the end-to-end delay 
in the switch. The delay analysis was carried 
out via analytical modeling and simulation. 
Previously published models were not used 
[2-5] due to their numerical intractability 
or their inaccuracy at light loads. The 
following discussion presents a brief look at 
the analytical models used. A more detailed 
discussion of the hybrid model may be found in 
the appendix. 

In all cases, the delay due to the central 
switching unit was assumed to be negligible. 
Consequently, the delay consists of the delay 
incurred by accessing two successive links. 

a) Integrated Models 

For the integrated cases, the peripheral units 
were assumed to be unsynchronized. In addition 
the total packet arrival process was assumed 
to be Poisson. Consequently, a model for the 
delay incurred by traversing two links is 
given by twice the mean delay for an M/G/1 
queue. This is [10]: 

d. 
~ 

..... 4.1 

where d
i 

delay for packet of type i 

p link occupancy 

A mean packet arrival rate 

-1 
~ 

-1 
~i 

2 
o 

s 

mean service time per packet 

mean service time for packet 
type i 

variance of the service time 
distribution 

of 

For the fixed packet integrated system, 0
2 = O. 

For the variable packet integrated system: 
~~1 and 0 2 are a function of the traffix mix. 
~ s 

b) Hybrid Models 

Due to the framing structure of the hybrid models, 
it was assumed that the peripheral units and 
central switching unit would be synchronized. 
It was assumed that the arrival of data packets 
to any peripheral unit was uniform over the 
frame. 

The model for the hybrid data packet delay is 
derived from considering the probability of a 
packet arriving in a given part of the frame and 
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finding a certain number of packets in the queue 
ahead of it. This probability is then mapped 
onto the appropriate number of frames that must 
pass before the packet begins service. The 
calculation is done for each link traversed and 
then summed. The total delay is then given by: 

N 
D(N) L L 

i=O j=l 

where: N 

P(i) 

Ps(j, k) 

d (j, i, k) 

2 
L P ( i) P s (j , k) d (j , i, k) 

k=l 

. .... 4.2 

number of data slots per 
frame 

probability of finding i 
packets already in the queue 

probability of arriving in 
slot j, link k 

delay given that the packet 
arrived in slot j and found 
i in the system for link k 
(given by relation A.1 in 
the appendix). 

For the fixed boundary hybrid system, the number 
of packet slots, N, is fixed and (4.2) is the 
value of the delay. For the movable boundary 
hybrid system, however, N varies dynamically 
with the number of voice calls in the system. 
A more accurate estimate is provided by the 
weighted sum of the D(N) in (4.2) based on the 
distribution of voice calls. 

Thus the delay for the movable boundary hybrid 
switching strategy is given by: 

V 
L PV (i) D (Ni) 

i=O 

where: V 

PV(i) 

D(Ni) 

maximum number of voice slots 

probability of i voice calls 

i 
A /i! 

V j 
L A /j! 

j=O 

A=Erlangs of 
offered voice 
traffic 

delay corresponding to Ni 
packet slots as given by (4.2) 
where there are Ni packet 
slots given i voice calls. 

In addition to these analytical models, a 
simulation model for the system was developed. 
Delay characteristics of each of the switching 
strategies were obtained using both the 
analytical models and the simulation. The 
delay characteristics are closely coupled to 
the transmission efficiency. Obviously, the 
more inefficient the system is, the less traffic 
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it can carry at a reasonable delay specification. 
In order to illustrate the delay characteristics 
two cases are presented. In both cases, the 
data traffic is held at a fixed level and the 
voice traffic is varied. For the first case, 
the data traffic is very light and in the 
second case it is fixed at 90 percent of what 
the fixed hybrid structure can carry. 

Simulationsof packet-type systems are generally 
expensive to run. For this reason, the simula
tion was used to verify the light traffic case 
only. As the traffic becomes heavier, the 
modeling of the frame structure becomes less 
important. The analytical results for this 
case agree with previously published models 
[2] . 
The voice delay for the hybrid systems is 
deterministic. It is approximately half the 
frame time. This is because there is switching 
between frames on the two links traversed. For 
the integrated systems, however, the voice 
packet delay is a function of the load. It 
remains small (i.e., less than 30 ps) until the 
systems approach their capacity. Although the 
voice packet delay is small, it varies from 
packet to packet within a single call. For 
this reason, the voice packet stream must be 
dejittered at the receiving end. This dejit
tering requirement places an upper limit on the 
voice packet delay and makes it comparable to 
the hybrid systems. 

In all cases, the results on delay suffered by 
data packets are plotted as function of the 
effective link utilization. The effective link 
utilization is defined as the actual link 
occupancy multiplied by the efficiency of the 
system. Figure 5 shows the results for the 
light traffic case. The simulation results are 
also shown here. For this case, all systems 
have approximately the same transmission 
eH ic ienc y . 

For the fixed boundary hybrid systems, most of 
the delay for the data packets is contributed by 
the reserved voice portion of each frame. As 
the voice traffic increases while holding the 
data traffic at a fixed level, the data packet 
delay is not affected. For the movable 
boundary hybrid schemes, the delay approaches 
that of the fixed boundary system as the voice 
traffic fills all the voice slots. The 
difference between the fixed and variable 
packet integrated systems is essentially due to 
the difference in the transmission times of the 
data packets. The majority of the traffic is 
voice traffic, so the difference arising from 
transmission efficiency and packet length 
considerations is not apparent. The integrated 
schemes exhibit lower delay than the hybrid 
schemes. 

Figure 6 shows the delays for the case where the 
data traffic is eqaul to 90 percent of the data 
capacity of the fixed boundary hybrid 
strategy. Under these circumstances, the 
differences in transmission efficiency become 
apparent. The fixed packet integrated scheme 
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Figure 5: Data Packet Delay - Light Traffic 
Fixed Data Traffic - Increasing Voice 
Traffic 

is the least efficient and consequently blows 
up first, followed by the variable packet 
integrated and movable boundary hybrid. The 
point to note, however, is that the mean 
delays are bounded for all systems due to the 
fact that the carried traffic is bounded by 
the number of devices accepted for service. 

0.6 

All systems will block voice calls if there is 
not enough bandwidth available to transmit 
them. These bounds are shown in Figure 6. The 
bound for the movable hybrid system is the 
fixed boundary delay. The fixed boundary 
hybrid delay is much larger in this case than 
in the light traffic case. 

The results indicate that the major issue when 
comparing these systems is transmission 
efficiency. Integrated systems have low delay 
for both voice and data until they are carrying 
over 90 percent of their total maximum traffic. 
Hybrid systems have higher delays but can carry 
more traffic. 

4. SYSTEM DESIGN CONSIDERATIONS 

Performance is not the only measure which 
should be used when comparing switching strate
gies. Other considerations such as growth, 
modularity, flexibility, reliability, cost, 
and control complexity should also be taken 
into account. 
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Figure 6: Data Packet Delay - Heavy Traffic 
Fixed Data Traffic - Increasing Voice 
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For this study, the choice of a general switch 
architecture implies that the different systems 
will have some common attributes. For example, 
all strategies will have similar modularity 
characteristics. The growth patterns would 
be similar except that the integrated schemes 
would need to expand sooner due to their lower 
traffic capacity . 

The main distinction between the strategies 
compared here is the design of the interfaces 
which are required at either end of the links 
connecting the peripheral units to the central 
switching units. The cost of the switching 
node is directly related to the cost of these 
interfaces. In addition, the reliability, 
maintenance, and testing of the system becomes 
more difficult as the complexity increases. 

For the hybrid schemes, the link interfaces 
must perform several functions. The frame struc
ture of these systems requires the peripheral 
units to maintain synchronization. In addition, 
a connection or mapping memory is required for 
the circuit-switched slots. Some mechanism for 
handling or preventing frame skew is required. 
Buffering is necessary for both voice and data 
at all interfaces because they are transmitted 
in different parts of each frame. The ability 
to abort data packets i f they overrun the frame 
boundary is also required. The link interfaces 
must be able to transmit variable length data 
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packets. An additional mapping memory is 
required for the data packets. 

The movable boundary hybrid strategy has an 
additional complexity. The strategy requires 
an ability to dynamically rearrange the circuit
switched slots and change the boundary. 
Information concerning the location of the 
boundary is also necessary. 

For the integrated systems, the link interfaces 
are considerably simpler. This is due to the 
absence of a frame structure. Mapping memories 
are still required, but one mapping memory can 
serve both voice and data. Buffering is 
required at all interfaces for both schemes, 
except for the interface on the ,incoming link 
at the central switch unit for the fixed packet 
scheme. No buffering is required here because 
all packets are identical and the central switch 
unit is assumed to have adequate capacity to 
serve the maximum load from all peripheral units. 
All of these buffers may be shared by voice 
and data packets because no distinction between 
the two t ypes of traffic is made. 

The variable packet integrated scheme is 
slightly more complicated than the fixed packet 
scheme. Variable length packets require the 
ability to transfer information about the 
packet length. This is done implicity in the 
fixed packet system. 

The integrated schemes require one feature which 
the hybrid schemes do not. Because voice 
traffic is essentially packet switched, the 
voice packets encounter variable delays through 
the system. This requires the presence of 
dejittering buffers in the voice traffic stream 
which absorb any variation in inter-arrival 
times of the voice packets of a single call. 
Variable data packets increase this jitter. 
Data packets which are the same length as the 
voice packets minimize the j itter. 

The final issue is the flexibility of each 
system. All systems are capable of handling 
variable bit rate data. The fixed boundary 
hybrid system, however, is designed for a 
particular voice/data traffic mix. It can be 
extremely inefficient if it is not operating 
near its design point. As such, it is not 
well-suited for conditions which are unpredic
table. The movable boundary hybrid and both 
integrated systems have the same flexibility 
when it comes to data. The integrated systems, 
however, can easily handle variable rate voice 
traffic u s well. It is more difficult to do 
this in a hybrid system. 

The various issues discussed above and how they 
relate to the four strategies considered in this 
paper are summarized in Table 2. 
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SWITCHING STRATEGY 

LINK INTERFACE 
HYBRID INTEGRATED 

REQUIREMENT FIXED MOVABLE VARIABLE FIXED 
BOUNDARY BOUNDARY PACKET PACKET 

FRAMING/SYNCHRONIZATION YES YES NO NO 

UPDATING OF BOUNDARY NO YES NO NO 

CONNECTION/MAPPING MEMORY 2 2 1 1 

VARIABLE LENGTH PACKET HANDLER YES YES YES NO 

BUFFERING: UP LINK AT CSU 2 2 1 (small) 0 
PU 2 2 1 1 

DOWN LINK AT CSU 2 2 1 1 

VOICE DEJITTERING NO NO YES YES 

Table 2: Summary of System Design Considerations 

(CSU: 
( PU: 

Central Switching Unit) 
Peripheral Unit) 

5. CONCLUSIONS 

In conclusion, the fixed boundary hybrid scheme 
appears the least attractive from both a per
formance and design point of view. The movable 
boundary hybrid scheme can carry the most 
traffic but is by far the most complex from an 
implementation viewpoint. The integrated 
schemes are simple and require less buffering 
but are less efficient than the hybrid schemes. 

Hybrid schemes are designed to conserve band
wdith. This is ideal for long-haul transmission 
purposes. Switches, however, are physically 
small structures. Bandwidth is a relatively 
cheap resource in a switch. Consequently, if 
bandwidth is cheap, integrated schemes are 
attractive. If bandwidth is expensive, then 
hybrid schemes should be used. The tradeoff 
is entirely in link complexity versus trans
mission efficiency. 
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APPENDIX - HYBRID DATA PACKET DELAY 

Assume a packet arriving at a link finds i 
packets in the queue and in service. The 
packet will experience a delay of i packet slots 
before finishing service. Let N be the number 
of packet slots currently available in a frame. 
Define [X] to be the largest integer less than 
or equal to X. The wait for i packet slots 
will cause [i/N] frames to pass before the 
packet of interest is served. 

Let i' = i-[i/N]N and let t be the length of a 
packet slot in units of time. Let F be the 
duration of the frame in units of time, and let 
DV be the duration of the voice portion of the 
frame. 

Assume the packet arrived in slot j. The delay 
encountered by the packet given that it arrived 
in slot j and found i in the queue and in 
service on link k is: 

d (j, i, k) [i/N] F + i't + 6 •••• (A. 1 ) 

where: 

6 'DV/2 if i '+j <N (k,j)=(l,l) 
i 
i 3DV/2 if i'+j~N (k, j ) = (1, 1) 

i 0 if i '+j <N (k,j)f(l,l) 

lDV if i'+j~N (k, j ) f (1 , 1 ) 

Note that the probability of arriving in the 
voice overhead portion must be accounted for on 
the first slot of the first link. 

The probability of an arriving packet finding 
i packets ahead can be simply modeled as the 
state probabilities of an M/D/1 queue. The 
occupancy used in the state equations is a 
function of the offered data rate and the 
available bandwidth per frame for data. Let 
U be the offered data rate in packets per 
frame. The occupancy is then given by U/N. 
The total delay on a single link then is: 

N 
L P(i) L Ps(j,k)d(j,i,k) 

i=O j=l 

where: N 

P(i) 

Ps(j,k) 

Session 1.1 

number of data slots per 
frame 

probability of finding i 
packets already in the 
queue and in service 

probability of arriving in 
slot j, link k 
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d(j,i,k) delay given that the packet 
arrived in slot j and 
found i in the system for 
link k (given by A.1) 

For the first link traversed, the probability 
of arriving in slot j is: 

Ps(j,l) Nt + t)/F j=l 

t/F l<j~N 

For the second link traversed, PS(j,2) is a 
function of when the packets were served on 
the first link. Let PP(i') be the probability 
that when a packets arrives, it finds i 
packets ahead of it, such that i'=i - [i/N]N. 
Given PP(i'), the probability that a packet 
arrives in slot j at the second link is given 
by: 

Ps(j,2) L PP(i')Ps(k,l) O~i'<N, l~j~N 
MOD(i '+k, N)=j 

In summary then, the total delay through the 
system given N packets slots available for 
data transmission per frame is: 

N 

D(N) L L 
i=O j=l 

2 
L P(i)Ps(j,k)d(j,i,k) 

k=l 
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Q.l (J. Augustus) 
. , 

Some of the switching alternatives described in your paper 
involve packet switching of voice~ Could you describe the 
delay response required to provide quality voice service? 

A.l (M. Crozier) 

The constraint placed on the delay of voice packets through 
a . switch comes from a round-trip delay standard for echo 
cancel lers. This standard requires that the absolute 
maximum round trip delay through the switch ~ust be less 
than 2.4 msec. This delay includes codec, filte ring, 
packetization and dejittering delays. These delays are 
fixed and known. This allows delays due to transmission 
through the switch, in the worst case, of roughly 300-
400 msecs. for a voice packet. 

• 

• 
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