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1. Executive Summary

The aim of this report was to carry out research into the development of the UK’s telephone
network as a modern digital system. The research investigated the different aspects into the

construction of a digital system and how it has changed throughout its lifetime.

Digital systems follow a standard design featuring the same essential component types. These
components are implemented to use on a synchronous digital hierarchy system, which is the
modem standard for the UK telephone network. This system was implemented to replace the plesio-
synchronous digital hierarchy, which the original digital system following the analogue system. This
was due to the limitations of the plesio-synchronous system, with issues such as a lack of worldwide
standards causing problems for transmission. However, the synchronous system was not perfect and

did have flaws, particularly pertaining to cost.

The systems do experience faults and they can be detected using different methods. The researched
methods include parity bit checking and collision detection. These methods are all different and

offer different positives to each system, making them useful in a variety of situations.




2. Research into Digital Communication Systems and Techniques
Digital communication systems, such as mobile phones or the internet, are the primary method of

information transfer utilised throughout the world. To implement a functioning communication
system, vital components are required. In any digital communication system, regardless of
application, the required components are the following.

1. InputSource

2. Input Transducer

3. Transmitter

4. Channel

5. Receiver

6. Output Transducer
(Grami, 2015)

Source pre- P e e e e e e e e e L
processing | Transmitter (Tx) I
! I
b " Source I| Transmittar Generation Modmos::_?; onto |
nformation coding Il digital of analog |
source — ocompression :' baseband T haseband T a::witli:‘::ﬁ:r\-‘ .
encryption ! processing : waveforms : filtering |
[ Sp——— ——————— — -+ ———————— ]
Channel Transmitter
baseband baseband }
samples wavelonme Communication
Binary data channel
(information bits) ; (with noise/
Received Received impairments)
signal baseband
samples waveforms
_______ e . - . . - -
I . | - Carrier
Information Source j| Receiver , | Baseband | amplification/
i ok decoding | digital _'* analog _;_ fitering/ ||
=n decomprassion * baseband filtering & freqlleig%'(wn l
de tion
cryplio : processing ADC conversion |
| Receiver (Rx) :

Figure 1 - Digital Communication System Block Diagram

(Ling, 2017)

The input source can be in electronic and non-electronic form and only provide the system with
information to transmit. An example of an electronic source could be an email message, whereas a
non-electronic source could include a voice input from a person. To ensure the message is in the
form of an electrical signal, known as the message signal, an input transducer is required. In the case
of a voice input, the transducer would be a microphone which produces an electrical signal from the

audio waves — typically using a diaphragm and a piezoelectric crystal. (Grami, 2015)

The electrical signal produced by the transducer is not ready for transmission and must first be

converted and conditioned. This can be achieved using a transmitter. The transmitter is made up of
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a filter, source encoder, channel encoder, modulator, and signal amplifier. The source encoder, or
analogue-to-digital converter, is used to convert the incoming analogue signal from the transducer
into a binary signal. The channel encoder, modulator and amplifier then prepare the binary signal for

transmission. (Gallager, 2008)

The communication channel is the means through which the information is transmitted to the
receiver. There are two different methods that can be used — guided and unguided. Guided
transmission is used when the information is transmitted through a physical connection, such as
twisted-pair cables in telecommunications. Unguided transmission features the use of
electromagnetic waves to send information through air, water or other mediums. Regardless of the

method used, the signal can be negatively affected by noise and interference. (Grami, 2015)

Once the transmission has been completed, the signal travels through the receiver and output
transducer. The receiver works to undo what the transmitter did using a filter, demodulator, channel
decoder, digital-to-analogue converter, and a signal amplifier. The amplifier can be used to restore
the signal upon receiving it. Once restored, the information can be extracted, modulated, and
converted back into an analogue signal for use by the output transducer. The output transducer will
convert the electrical signal back into its primary form for use. For example, if the input source was a

voice, speakers can be used to convert the electrical signal into an audio output. (Haykin, 2000)

As mentioned previously, the communication channel in a digital communication system can suffer
from degradation to the transmitted information, due to noise. In many cases, the noise will have
little impact on performance, such as with audio. However, there are also cases in which the bit's
logic level can be changed, which can cause errors to arise. One method that can be introduced to
detect these errors is to use a parity bit, which is an extra bit, being either 0 or 1, that is added to the
transmission byte. There are two types of parity bit detection — even and odd. Both types refer to
the principle behind them. An even parity detection adds an additional bit to the byte to ensure that
the total number of 1s in the signal is an even number. Contrarily, an odd parity bit detection adds
an additional bit to ensure the number of 1s is an odd number. For example, if there was an even
number of 1s in the signal, a 0 would be added to ensure the number of 1s remains even. This would
make the 0 an odd parity bit. By finding the parity of the transmission at the receiver and comparing
it with the transmitted parity, errors can be identified. However, the method is limited to identifying
an odd number of errors. By identifying the bit causing the error, this method can contribute to error

correction. (Altera Corporation, 2005)
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Figure 2 - Parity Bit Check
(Grami, 2015)

Cyclic redundancy checking, or CRC, can also be used for error checking and is like parity bit
checking. However, it can detect errors on a larger scale. More bits, 16 or 32, are added to the
transmission using this method than are added with parity bit. The bits are added to the sequence of
bits, or strings, in the message. The message is transmitted with check digits, which provide a
remainder that should be present when the message is divided by a chosen binary number in
polynomial form. At the receiving end, the message is divided by the chosen number and the
remainder is compared to the check digit supplied. If the check digit matches the remainder, no
errors have occurred. Using this method can prevent any random errors that may occur on the
transmission, but again does not rectify any errors. It is mode advantageous than using parity bit
because it can protect against errors in messages up to 12,000 bits when 32 bits are added to the

string. (Matloff, 2001)

Carrier-sense multiple access, or CSMA, is a protocol used on shared local networks to identify any
information being sent on a network cable and prevent transmission that could cause collisions. If
any transmissions are identified, the transmitting device will wait until the network is clear before
sending. There are variations of CSMA, including collision detection and collision avoidance. Collision
avoidance attempts to prevent the transmission of information from two devices at the same time

and will stop all transmissions if multiple packets are detected. (lonos, 2019)

Collision detection attempts to rectify any collisions, rather than avoid them. Here, if multiple
devices attempt to transmit data at the same time on the same network, the transmitter will
monitor the network for any collisions. A collision will cause a voltage displacement, which allows for
detection. Once detected, an interference signal is sent to the other devices to stop the other
transmissions. Following this, no transmissions will occur for a random amount of time to minimise

the chance of another collision. A transmission can be stopped completely if too many collisions




occur. Despite both being methods of error detection, collision avoidance can also be utilised over

wireless networks, making it advantageous for radio networks. (lonos, 2019)

Monitor the medium

More
attempts
possible?

JAM signal

collision?

Figure 3 - Carrier-sense Multiple Access

(lonos, 2019)

One of the most used systems is the telephone network, which became digital following the
introduction of plesio-synchronous digital hierarchy (PDH). Prior to PDH, the telephone network
operated using analogue trunk transmission lines and required modulators and filters. However, the
costs involved led to the development of an alternative method. This new method was achieved by
using pulse code modulation and multiplexing to transmit multiple voice channels over one line —
originally coaxial cable but has since been replaced with fibre optics. PDH can be divided into two
types — T-carrier and E-carrier. The T-carrier was used by the United States and Japan, whilst the E-
carrier was used by the rest of the world. The E-carrier was a more refined version of the T-carrier.

(TechnologyUK, 2009)

The system is made up of various parts, which are not all synchronised perfectly. Specifically, the
transmitting and receiving are in-sync, but the clocks are not. PDH transmits large amounts of data
at a standard bit rate of 64kbit/s. This was determined because an analogue voice input with a
bandwidth of 4kHz can be sampled at 8kHz on a digital circuit with 8 bits per sample. Multiplexing is
again used to transmit multiple voice channels. However, the network is made up of different
multiplexers for different levels to transmit over trunks —including 2.048Mbps to 8.448Mbps,
8.448Mbps to 34.368Mbps, 34.368Mbps to 139.264Mbps and 139.264Mbps to 565.148Mbps.
Therefore, to transmit over a higher-level trunk, the signal must be multiplexed up through to the

required value, then back down. Due to the system being slightly out of sync, the multiplexers have

6




some overhead to compensate for differences in low speed port data rates and high-speed trunks. In
some cases, the data will not be transmitted at its maximum rate and so a bit, called a stuffing bit,
will be added to retain the bit rate. These bits form part of the overhead. PDH does have some
limitations, including inefficiency and inconsistent performance due to lack of monitoring

capabilities. (Babatunde & Mbarouk, 2014)

2,048 Mbps

2
b

565.148 Mbps

Figure 4- PDH Multiplexer Hierarchy
(TechnologyUK, 2009)

Despite PDH being in place, the capacity was poor and demand for an improved high-speed system
began to grow. This was caused by a lack of standards between vendors and manufacturers. To
rectify these issues, a new method of data transmission that allowed the synchronous transportation
of bit streams using fibre optics, known as synchronous digital hierarchy (SDH), was developed in
1988. This new method followed standards, unlike PDH, which increased efficiency and made it
compatible with the system in place in the United States and Japan, known as synchronous optical
networking (SONET). The new system allowed for the use of more efficient multiplexers, which

ultimately led to a larger channel capacity and interruption protection on the circuit. (Jain, 2012)

The increased efficiency of the multiplexers reduced the number of multiplexers that are required
and introduced single-stage multiplexing and demultiplexing. Each SDH network consists of a
synchronous multiplexer, synchronous digital cross connect equipment and regenerators. The
multiplexer carries out both the multiplexing and live transmitting function and replaces all the
plesiosynchronous multiplexers that were used in PDH. There are two types of multiplexer —
terminal and add and drop. A terminal multiplexer accepts individual signals and multiplexes them
into combined signals, whereas the add and drop multiplexer allows channels to be added or
dropped. The cross connect is used as a switch to identify lower order channels and the regenerators
is used to regenerate the transmitted signal — typically over large ranges. (Babatunde & Mbarouk,

2014)

Synchronous transport module frames, also known as STM-1 frames, are used for the standard of

transmission within SDH. The bit rate of the STM-1 is determined from the size of the frame, which




consists of 9 rows and 270 columns of 8-bit bytes — meaning the total number of bytes is 2430 which
can be transmitted in 125pus (0.125kHz). From this information, the bit rate can be calculated.

Number of Bits = 2430 x 8 = 19,440

19440

Bit rate = 125 x 10-6 = 155.52Mbps

Although these frames have a bit rate of 155.52Mbps but can be multiplexed up to different levels
as required. These levels increase by a factor of 4, meaning the next levels are STM-4 at 622.08Mbps
and STM-16 at 2488.32Mbps, or roughly 2.5Gbps. The bit rate of 155Mbps is applicable to both fibre
optics and copper transmission lines. However, the increased rates are only defined for fibre optics.
During transmission, the first 9 columns of each row, except for row 4, are used for overhead
functions, such as signal monitoring. The remaining bytes are used for carrying traffic, of which the

frame has been designed carry a wide amount. (Matthews & Newcombe, 1991)
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Figure 5- 5DH Frame Structure

(ElectronicsForl, 2015)

When a message, or payload, is multiplexed, it is divided between layers known as high-order or
low-order. Each of these layers have their own overheads for monitoring. Increasing the number of
layers supports the transmission of payloads over layered networks more than within PDH. Another
layer present is a management layer which has its own dedicated channel for transmission of
standard management communications. One issue with this system is that a definition of carried
messages at the SDH interface is not official. At the network interface, usually a local-area network,

there is more agreement. (Wushishi & Ogundiya, n.d.)

SDH has many advantages in use for transmission due to its improved multiplexing and
demultiplexing. The transmission rate of SDH is much larger than that of PDH, making it suitable for
further applications, including the transportation of broadband signals and pre-existing PDH signals.

From this, itis also possible to host video conferences and other interactive media tasks over a local-




area network. In the event of any potential failures, the SDH systems boast backup and maintenance

systems to offer a quick recovery following problems. (Babatunde & Mbarouk, 2014)

Despite being an improved system, there are still some issues with SDH. Due to the increased
performance, the costs are increased. Although it can provide large amounts of bandwidth, a large
quantity is used for the management and monitoring, some of which is wasted, rather than be used
for payload transmission. This makes the bandwidth usage particularly inefficient. Although it is not
an issue when used on telephone networks, SDH can be susceptible to malware when being used for

broadband applications. (Horak, 2007)




3. Conclusion

There are many different digital communication systems in the world, but the most prominent is the
telecommunications system. It was initially introduced as an analogue system, but has since been
replaced with two different digital systems. These digital systems follow a design that is shared with
other digital systems, consisting of input and output transducers, a transmitter, a receiver and a
communication channel. This made the systems much cheaper and more reliable than analogue
systems because they were less affected by noise and interference than the previous analogue
system. The first system introduced was plesio-synchronous digital hierarchy. This was later replaced
by the second system - synchronous digital hierarchy. Both methods use multiplexers to transmit
multiple voice channels simultaneously, but are different in operation. SDH was introduced to
improve on the limitations in PDH, including the reference clock being out of sync with the network
and the payload and frame being out of sync with each other. SDH rectified these issues by using
better components, whilst also improving on the system through increasing the basic data rate from
1.544Mbps to 155.52Mbps and introducing a standard, which PDH lacked, that made the system
compatible with other systems worldwide. The increased data rates also allowed the SDH system to
be expanded from telecommunications to Ethernet for internet usage, which PDH could not sustain.
In spite of this, it did open up the software-based SDH network to malware and also lead to much
larger costs for implementation. Therefore, it can be said that SDH is the dominant system with far
more advantages and fewer disadvantages and it will likely continue as the primary digital

communications method for the foreseeable future.

Aside from malware in SDH systems, other faults and issues can occur. These issues, typically
introduced through degradation on the channel, can be detected using parity bits, carrier-sense
multiple access and cyclic redundancy checks. Parity bit and cyclic redundancy checking are very
similar to each other. Both methods check for errors in transmitted bits, but the parity bit method is
limited to only one additional bit. This means that parity bit is essentially a 1-bit cyclic redundancy
check. Due to its limitations, the receiver will only detect parity bit errors and stop the transmission
if an odd number of bits are affected. Therefore, if an even number of bits change, the receiver will
not detect any errors. To increase the effectiveness and detect more errors, the number of bits
added can be increased to 16 or 32, representing a polynomial, and cyclic redundancy checks can be
completed instead. Using CRC can identify more errors within a packet and doesn’t rely on seeing an
odd number of changes. Although more effective in identifying errors, CRC is not as simple as a
parity bit check. Carrier sense multiple access does not identify error bits and instead finds collisions

between two signals. In the case of collision avoidance, a collision is prevented whereas collision
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detection permits the collision, but brings the system back to working order much quicker. Collision
avoidance is also more diverse due to its usage on wireless networks, making it more applicable for

use over long distances.
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