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Other components in the receiver
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Receiver components

Design of optical receiver varies depending on modulation format
Digital receivers have three components:
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Receiver front ends

m
oy
N
=

Consists of photodiode + preamplifier used to amplify the electrical signal for further processing

High impedance front end

:Cp RL V

EA 4

= |ncrease input voltage to the preamplifier with
by increasing R,
* Increased sensitivity, better noise
 Decreased bandwidth due to large RC constant

Af =
f 27TRLCP

Trans-impedance front end

Ry
>
2 Y =G V..
>

Use R; as feedback resistor with inverting amplifier:
reduces effective impedance by factor G

* High sensitivity, low noise and high bandwidth
* Main problem stability due to the feedback loop

Af =

27TRLCP
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Linear channel

| amplifier I

The linear channel consists of: | e |
| ]

= A high gain amplifier with automatic gain control ! ﬂ l

I |

* Constant average output voltage regardless of the input (within limits) | [ Autogain !

I control [

= Alow pass filter with bandwidth chosen to
* Reject noise outside of the signal bandwidth and avoid inter-symbol interference (1SI)

The best situation is when only the filter limits the overall bandwidth of the receiver

Given the linear channel transfer function H;(f) , the output voltage transfer function is then:

Hout(f) = HT(f)HP(f)
\

Transfer function of linear channel Known normalized spectral function of
Most of the time dominated by filter input photocurrent pulse
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Linear channel

m
v

In order to minimize ISI want a raised cosine type response at the output of the linear channel

= Response is maximized at the decision instance t =0

= Response is minimize

d (= 0) at other sampling times (i.e. zero crossing)

( _
1 7l <52

Hy:(f) =11 T 1-p 1-p. 1+p
§[1+COS<E[|]E|—BT])], BT<|f|<BT
L0 otherwise

Thiy

3=0
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Linear channel - example

What should be the transfer function of the linear channel if we are processing NRZ data at a bit
rate B, assuming rectangular input pulse shape and a filter with f = 1

= Square NRZ pulses : H,(f) = sinc <7;f> B :}sm (7;f>

= Want Hou:(f) = 1(1+COS(gf)),|f| <B

T

Houe() _ nf (1+cos(gf)) mp 2005 (551)
Hp(t) 2B sin ( g) 2B 3 6in (nf) cos (ﬂ)

= Therefore: Hr(f) =
2B 2B

Hr(f) = SE-cot (5 £). If1 < B
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Data recovery

Consists of a clock recovery unit and decision circuit

R T N [ ——

Decision
circuit

—— Data OUT,

Clock
recovery

Clock recovery unit isolates a spectral component at f = B from the received signal

= Provides information to the decision circuit
= Helps synchronize the decision process

Simple decision circuit
= For example, sample taken at the peak of the clock

Sighal —
lorO
Clock

F

PrL
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Eye patterns

To measure the characteristics of a received data signal:
= Use a clock signal to trigger an oscilloscope and feed the random data to the scope input

= The resulting signal is synchronously superimposed
= All possible data patterns are shown simultaneously, giving the appearance of an ‘eye’

50ps/div

Provides information on :

- Signal to noise ratio (SNR)

- Amplitude noise

- Timing jitter

- Rise and fall time of detection circuit

Best sampling time/threshold is the maximum opening of the eye
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Eye diagram interpretation

Slope indicates sensitivity Signal excursion
to timing error, smaller the better Or wasted power
Amount of

distortion at
sampling instant

Amount of
noise that can
be tolerated

.
I
=
I
I

Best time to sample

<
<

Amount of distortion in !

where zero crossings occur s >
Opening of the eye: time over

which we can successfully sample
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Receiver noise
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Noise due to receiver

Optical receivers convert optical power into electric current
iP(t) — RPin(t)

ipis the average current: total current actually contains noise even when P, is deterministic (constant)

The fundamental noise mechanisms are shot noise and thermal noise

I(t) =ip + is(t) + ip(t)
Average current Thermal

noise current

Shot noise current
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Shot noise
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Electric current consists of a stream of electron that are generated at

random times

Constant illumination of PD leads to generation of photo-electrons exhibiting a Poisson distribution

Jf(N.n)= Pr (X=N)

fN,n) =

e

N!

—nnN

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00°

n: expected number of occurrence in given time interval
N: number of occurrences

Mean=n
Variance =n

Standard deviation = Vvariance = \n

For large mean values, distribution
starts looking Gaussian.
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Shot noise -

Shot noise current ig(t) is a random process.

= At a particular instant in time ¢’, the value of i(z’) is a random variable. In our case approximated by a
zero mean Gaussian.

= Time fluctuations in i(t) can be characterized by its averaged frequency spectrum called the power
spectral density S¢(f)

For Gaussian white noise: Ss(f) = qi,,

We can show, using the Wiener-Khinchin theorem that shot noise variance is given by:

o¢ = 2qi,Af
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Dark current contribution

Recall that even without illumination a dark current i4 flows
= Current generated by the photodiode which is independent of light
= Also contributes to the generation of shot noise.

The overall variance of the shot noise contribution is therefore:

2 _ 5 o
Os = ZCI(lp + ld)Af Total shot noise variance

* The quantity o is the root mean square (RMS) value of the noise current induced by shot noise
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Thermal noise

At finite temperature, electrons move randomly in resistor: random
thermal motions lead to fluctuating current

Thermal current i(t)
= Stationary Gaussian random process,
= Nearly white: frequency independent up to about 1 THz
= Signal independent
* Thermal noise is also called Johnson or Nyquist noise

2kgT
Ry,

Power spectral density depends on front end load resistor R;: S¢(f) =

We can show that thermal noise variance is given by:
Total thermal noise variance

— 4kBTAf E F, :Electrical amplifier noise
R; n figure

or
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Signal to noise ratio for p-i-n

Since the different noise sources are uncorrelated, total noise variance:

4ksTAf
R, "

02 = d¢ + aof =2q(i, +ig)Af +

The signal to noise ratio (SNR) of an electrical signal is defined as:

average signal power  i2
SNR = g g p b

total noise variance o2

R2Pp?
SNR = L

: . 4kgTA
Zq(lp -I-ld)Af-I- %L an
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Thermal and shot noise limits

Thermal noise limit ¢ > ¢

Shot noise limit a& > o7
= Dark current can be neglected

We note
= Different scaling with input powers in the two limits
= Thermal noise dominates at low input powers
= Shot noise dominates at high input powers

m
=
N
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Noise limits - example

We have a receiver with R = 0.95 A/W. We can use two different load resistance of R; = 50 () and
R; = 100 kqQ.

What is the signal power required to obtain shot noise limited operation at room temperature?

If the bandwidth of our receiver is limited by the RC time constant, which load resistance would you
choose for highly sensitive and which one for high-speed detection ?
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Noise in APD receivers

Thermal noise remains the same since originates in electrical components not part of the APD.

Shot noise will be affected as secondary electron-hole pairs are also generated at random times.

10

—k,=0.1
—k,=0.4
k,=0.01

0§ = 2qM?Fy(RPiy + ig) Af 8

With F,(M) = ka4M + (1 — k4) (2 — /) the excess noise factor

Signal to noise ratio: (MRP )2
SNR = 4l

4ksTAf .

2qM2F;(RPy + ig)Af +—5—"F,
L
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Shot noise limit with APD

(MRPy)*
2qM2F, (R, + i) )-,WM

SNRsapp =

RP;y  SNRgpin
2qF,Af F,

SN RS,APD =

SNRs pin
Fy

SNRg app =

APD avalanche noise degrades SNR compared to p-i-n diode
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Thermal noise limit with APD

(MRPy)?
SNR7.app = 4k TAS
2qM2E RP+T1g)Af + —5—F,
L
SNR _ R M?*(RPy)?
TAPD ™ 4k .TAfE,

SNR7 app = MZSNRT’pin

APD gain swamps out thermal noise, increases the SNR.
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The APD versus the p-i-n

Example of the SNR (Af = 30 GHz) for
p-i-n receiver and APD receiver

35 T T T T T T T T

ar=1pA

-10

20 -18 -16 -14 -12
Received power (dBm)

* APD is best at low power
* p-i-nis best at high power

Optimum APD gain

10°

-
=
[
T

—
=
o

100 . .
-35 —30
Received power (dBm)

There is optimum value for M

4kgTF, 1/3

M —
opt [kAqRL(RPm +ig)

Depends on ionization factor Ku
= Highest M, ~100 for silicon APD
= Highest M ~10 for InGaAs APD
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