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3F4: Data transmission Datasheet: None
Principal Assessor: Dr I Wassell
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3. (a) BPSK Demodulator

Mono- |,
stable
| Threshold
i Detector :
¢ (Comparator) Sampllng
r(t) R Register
Rel] ——H b ool b
+ Data
Matched Filter > Clk Out
(Integrate-and-Dump) “V

Data Clock at
kD B+ DT,

(k+1)T, )
ylk) =G Re[r(t) g(t — kT,)e™7%°)dt
KT,

For an optimum demodulator the decision for the £ bit is based on whether y(k) is positive
or negative. G is an arbitrary positive gain constant which does not affect the polarity of
y(k) or the demodulator decision.

Working from the left in the figure, the multiplier calculates r(t) G g(t — kTp) e 7% .
The next box takes the real part of the result (the Rel.] operation). To work correctly, the
demodulator must know the reference phase ¢, of the received phasors. This is normally
extracted by a phase-locked loop (see part (d) of this question).

The integration in the equation is performed by the op. amp. circuit (Matched Filter). The
correct limits for the integration are achieved by discharging the capacitor at the start of
each bit period (at t = kT, using a short pulse from the monostable), and by sampling the
polarity of the integrator output at the end of each bit period (at ¢ = (k + 1)T3) just before
the monostable discharges the integrator for the next bit. (k) is the signal on the op. amp.
output at the end of the bit period.

The threshold detector determines the polarity of y(k) and the sampling register samples
this decision at the end of each bit period, when the signal-to-noise ratio is greatest.

[25%]



(b) Quadrature Demodulator:

If s(t) = Re[r(t) e“c!] and r(t) = [u(t) + jv(t)] /% then:

s(t) = Re[ [u(t) + jv(t)] #@et+90) | = u(t) cos(wet + ¢o) — v(t) sin(wet + ¢o)

The quadrature demodulator obtains i(¢) and ¢(t), from the modulated signal s(¢) as fol-
lows.

From multiplier 1:

i'(t) = s(t) x 2cos(wet + ¢)
[u(t) cos(wet + ¢o) — v(¢) sin(wet + ¢o)] X 2 cos(wet + ¢1)
= 2u(t) cos(wet + @) cos(wet + ¢1) — 2v(t) sin(wet + ¢o) cos(wet + ¢1)
= u(t) cos(¢o — ¢1) + u(t) cos(2wet + ¢o + 1)
— v(t) sin(¢o — ¢1) — v(¢) sin(2wet + do + ¢1)

The two terms modulated onto carriers at 2w are rejected by lowpass filter 1, so the output
of the filter is:

i(t) = u(t) cos(dg — &) — v(t) sin(¢g — 1)
Similarly from multiplier 2:

¢'(t) = s(t) x [-2sin(wct + ¢1)]
[u(t) cos(wet + dg) — v(t) sin(wet + ¢o)] x [—2sin(wet + ¢1)]
~2u(t) cos(wet + ¢o) sin(wet + ¢1) + 20(t) sin(wet + ¢o) sin(wet + ¢1)
= u(t)sin(gy — ¢1) — u(t) sin(2wet + ¢ + ¢1)
+ v(t) cos(po — ¢1) — v(t) cos(2wet + o + &)

and the output of lowpass filter 2 is:
q(t) = u(t) sin(do — ¢1) + v(t) cos(do — ¢1)

(c) Practical BPSK receiver

Since g(t — £T}) is constant over the entire bit period, it can be incorparted as part of the ar-
bitrary gain constant G. Hence the first two blocks just need to calculate Re[r(t). G e™7%] .

If r(t) = [u(t) + jv(t)] €% , then
Re[r(t) . G e77%] = G u(t)

We see from the first result in part (b) that i(¢) = wu(t) if ¢; = ¢o . Hence the upper
output of the quadrature demodulator can provide the equivalent signal to the output of the
second block in Fig. 1 of the question. Hence the quadrature demodulator can replace the
first two blocks of Fig. 1 when the system inputis s(¢) rather than r(¢) .

It is desirable that ¢; = ¢ in order that the upper output of the quadrature demodulator
is given by:

i(t) = u(t) cos(¢g — ¢1) — v(t) sin(pg — ¢1) = u(t) if ¢1 = ¢y



Hence i(t) responds only to u(t) and notto wv(t) . If we assume that @, represents
the phase shift between the modulator and demodulator due to the path delay, then wu(t) is
the inphase component at the modulator, which, for a BPSK signal, is normally the signal-
dependent component that conveys all the signal information. Thus we get the optimum
signal-to-noise ratio at the detector.

(d) Phase-Locked Loop

to Matched Filter

Input
Signal ' Comparator
t | | Dual Raw
s(_)___,QIL:J)aCrirl;atcljJre " Lowpass Data
emod. Filter ‘lq sgn(i)
A A . OV
COS(wt + ¢1) sin(w.t + ¢1)Carrier e

Phase-Locked Loop

Carrier |, Loop |,
VCO Filter  |Loop Error, q sgn(i)

The block diagram of a suitable PLL is shown above. The loop error signal is ¢ sgn(z) in
order to produce a characteristic which repeats at multiples of 7. This allows the loop to
lock up at the positive zero-crossings of the error characteristic such that the phase error,
$1 — @, between s(t) and the Carrier VCO (voltage controlled oscillator) is either O or 7.
Thus the Carrier VCO will either be in phase or in antiphase with the carrier of s(¢), and the
i(t) signal will be a smoothed version of the original data or its complement. Differential
decoding (not shown) must be used to eliminate this ambiguity.



4. (a) Digital vs. Analogue transmission

Digital is preferred to Analogue because:

e It is less susceptible to cumulative degradations.
Effects of additive noise can be eliminated at regular intervals in a digital comms link
by threshold detection and error correction coding.

e Ultimate noise levels are determined by the analogue/digital conversions and not by
the channel, giving much better dynamic range.

e It can be made more secure by encryption.

e It can be multiplexed using frequency-division, time-division or spread-spectrum
multiple access (FDMA, TDMA or SSMA); whereas FDMA is the only sensible
method for analogue signals.

e Digital links can handle a wide range of source material (multi-media).

The extra bandwidth of digital systems can be minimised by use of compression at the
source encoding stage (eg MP3 for audio and MPEG-2 for video), and also by employing
bandwidth efficient modulation methods, such as 64-QAM, which transmit a number of
bits (6 in the case of 64-QAM) of information per symbol. In general the bandwidth of a
modulation scheme is proportional to its symbol rate, not its bit rate.

(b) A bandwidth efficient modulation scheme

M?-QAM (quadrature amplitude modulation) is the general class of bandwidth efficient
modulation schemes. It employs M levels of modulation on each of two quadrature car-
riers, and thus is able to convey m = log, M bits on each carrier per modulation symbol.
Hence each symbol conveys 2m bits of data. Thus the symbol rate is 1/2m of the bit rate
and the bandwidth required is 1/2m of that of a binary modulation scheme such as BPSK.

The bandwidth required is proportional to the symbol rate, because the autocorrelation
function (ACF) of QAM is a triangular pulse whose width equals twice the symbol period
and is independent of the number of modulation levels. Hence the width of the power
spectrum (the Fourier transform of the ACF) is proportional to the symbol rate.

Below (from the lecture notes) is shown the constellation of 16-QAM, which has 4-level
modulation on each of the two quadrature components. This conveys 4 bits per symbol.
The arrows show the modulation states and the dotted lines show the decision boundaries
for an optimal detector.

A more complex scheme is 64-QAM which has 8-level modulation on each component and
conveys 6 bits per symbol. The number of bits per symbol cannot be increased much above
6, because the system loses immunity to noise when the transmitted states get too close
together.
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Fig 5.2: 16-QAM phasor diagram

(¢) Overcoming multi-path ISI: -

Problems due to multi-path delay differences being greater than the symbol period can be
overcome by employing orthogonal frequency division multiplexing (OFDM), as well as a
bandwidth efficient modulation method such as 64-QAM.

The aim of OFDM is to demultiplex the high-speed bit stream into N streams, each at 1/N
of the original rate, which are then modulated onto N separate carrier waves. Typically
N = 1000 to 2000.

The inverse FFT is used to put QAM data on each of NV carriers, spaced by 1/T Hz, where
T is the IFFT block period. Each carrier is an IFFT basis function which is multiplied by
the modulation phasor. In this way the carriers are orthogonal to each other and may be
demodulated by an equivalent FFT process without mutual interference at the receiver. The
mutual orthogonality of the IFFT basis functions, means that there should be no interfer-
ence between each modulated carrier and its neighbours. Orthogonality is not affected by
the modulation process, because the modulation rate is no faster than once per FFT block
period, so each modulated carrier is a pure tone for the duration of the block period 7.

The OFDM signal has much improved resilience to typical multipath delays because of
the much Jower modulation rate on each carrier, compared with a single carrier system
operating at the same overall bit rate. The use of a Guard Band between each IFFT block
allows for variations in path delay up to the duration of the Guard Band, before any signal
degradation occurs.



(d) Design of a DVB system

In order to tolerate path delay differences of up to 10us, the guard band period AT must
be at least 10us also. This is so that the phase and amplitude transitions, which occur on
each tone due to the modulation, do not occur during the analysis period. This preserves
the orthogonality of the tones at the FFT input. ’

To maintain full bandwidth efficiency the FFT analysis period T should be much longer
than the guard band — say ten times the guard band = 100us. (This is purely an example;
many other choices for this parameter exist, such as 7 = 224ps used for DVB in the UK.)

Hence the tone spacing of the FFT will be 1 /T = 10 kHz.

If 64-QAM is used as the modulation method, then each tone carries 6 bits per symbol at a
symbol rate of 1/(T" + AT) = 9.09 ksym/s.

Hence the bit rate of each tone is 6 x 9.09 = 54.54 kbit/s.

Therefore the number of tones required for a total bit rate of 40 Mbit/s is
N =40.10°/ (54.54 . 10%) = 734.

Typically some extra tones will be needed to provide phase and amplitude references across
the band, increasing NV to about 800 tones. The bandwidth occupied by this signal will then
be X (tone spacing) = 800 x 10* = 8 . 10 Hz = 8§ MHz.



Engineering Triops Part 2A
Module 3F4. Data Transmission, May 2005 - Comments

1. Generally well answered. Some candidates confused line coding with forward error
correction (FEC) coding in part (a). A number of candidates made errors when
calculating the power spectrum in part (b).

2. This question was in general answered very well. In part (c) some errors were made
when calculating the min eye opening and neglecting to take into account noise power
enhancement with the equaliser in place.

3. This question was answered very poorly. Part (a) was generally answered quite
well. Given the bookwork nature of part (b) the number of errors was surprising.
Relatively few candidates appreciated what was required in part (c).

4. This question was answered reasonably well. Most difficulties were experienced
with part (d) where the assumptions made and the design rational was generally not
explained very clearly.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

