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Talk Overview

Teletraffic Capacity of Optical CDMA:
« Background + Preview

» Teletraffic Models:
— Optical CDMA model
— Wavelength Routed Network Model

« Results

Other OCDMA Projects:

« Call Admission Control

» Source-Matched Channel Coding

« OCDMA selective speedup for Queue Management
« Security of Coherent Spectral-Phase OCDMA



Code Division Multiple Access (CDMA)

Wireless CDMA  Used in: (for example)

— Wireless Cellular Systems

— Unlicensed Spectrum Systems (2.4 GHz, 5.8 GHz)
* Allows:

— Asynchronous multiple access

— Frequency reuse
* Provides:

— Immunity to interference

— Soft bounds on capacity (Soft Blocking)

Cellular Systems

Optical CDMA
Sample Code Sequence
* Apply concept of wireless CDMA
to optical domain 20 ‘
1
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Optical CDMA Broadcast and Select Network

Broadcast-and-Select Network
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BER vs Number of Simultaneous Users
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As the number of users increases,
the interference increases.

And this happens for most
flavours of OCDMA!



Preview: Understanding Optical CDMA Capacity

Traditional view of OCDMA capacity I :

Number of users accommodated by the
system for a given bit error rate threshold.

= There is no hard limit on capacity!

BER vs Number of Simultaneous Users
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Motivation:

Model a network with stochastic utilization!

» Calls connected circuit-by-circuit
« Each circuit is active with probability p

 More than I subscribers

Eg. Set a max BER threshold of 10-°

=> System admits I' = 13 simultaneous
transmissions

= When M > 13, BER degrades causing
an outage.

= Ensure that outages occur with
probability P <103

outage



Preview: Understanding Optical CDMA Capacity

Traditional view of OCDMA capacity I :

Number of users accommodated by the
system for a given bit error rate threshold.

= There is no hard limit on capacity!

Capacity of OCDMA :
Average number of connected calls
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Motivation:

Model a network with stochastic utilization!

» Calls connected circuit-by-circuit
« Each circuit is active with probability p

 More than I subscribers

20 ’ Eg. Set a max BER threshold of 10-°
515 ° = System admits I = 13 simultaneous
%1 d ° transmissions
o ° = When M > 13, BER degrades causing
<5 an outage.

| | | | | | | = Ensure that outages occur with
84 02 03 04 05 06 07 08 09 probability P .,.< 10

Circuit Activity, p



Lessons from Wireless CDMA

Analysis of the capacity of the mobile-to-base station link in a
single cell of a wireless time-spreading CDMA cellular network.
[(Viterbi)? 1993], [Evans & Everitt 1999]

Model cell as M/G/o0 queue: M/G/oo Q“Ee“e
— Spreading code has large cardinality( = oo servers) arriving g R
— No blocking! (New calls always connected) calls — T
— Number of connected calls, N, is a Poisson random variable 00 servers
(codewords)

Call utilization is intermittent (talking OR listening)
— call activity, v, is a Bernoulli random variable

Each call is received with signal power &
— ¢&is a random variable that models fading, multipath, mobility, etc.

An outage occurs when the interference increases beyond a threshold I’
— such that the performance of all the users in a cell is degraded

N
I:)outage = P|:Zvi & > F:|

=0




Teletraffic Modelling Assumptions

Broadcast-and-Select Network
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We compare OCDMA and WRN

(wavelength routed network) broadcast-
and-select networks with K subscribers.

Calls connected on a circuit-by-circuit basis:
— Subscribers generate call requests whose interarrival times have arbitrary

distribution with mean 1/v[hours]

— The holding time of each call has an arbitrary distribution with mean 1/x [hours]
— Thus, the offered load per idle source is r =v/u [Erlang]

Calls carry bursty data: (talking or listening/waiting)

G(K)/G/s(0) Model

— call activity is a Bernoulli random variable with mean p o E
Number of connected calls is N(f) — ® |
Number of actively transmitting calls is M(t) K S

Study an interval where N(t), M(t) stationary — write as a random variables N, M



Wavelength Routed Network Model

We model a WRN with K subscribers and I wavelengths

— Tunable transmitters/receiver are used so that each subscriber can transmit on

any wavelength

— We are interested in physical layer capacity only
— Thus, assume each wavelength can carry only one circuit at a time

G(K)/G/T(0) Model
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—» Completed calls
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» Blocked calls

Distribution of connected calls:

n-n-(FE(}]

Incoming traffic is blocked when there are no free wavelengths (i.e. N=1")

Model N using the generalized Engset G(K)/G/ I'(0) loss model

Carried Load: |
w3 LY

Call Congestion: P[Arriving Call sees N=T]

Blocking Probability:

(Y EY]



Optical CDMA Model (1)

We model an OCDMA network with K

o 4-wavelength _ _
o 101-timeslot | subscribers and I" maximum
2107 wavelengthtime —__— simultaneous users
= prime code_—"] o _ _
I / — Each circuit is received with equal power
o N » " "
o106’ / — The cardinality of the spreading code is
2 | go— I' = 13 users for 109 BER large (> K)
ﬁldm — Every incoming call is carried by the
- / network (no blocking !)

12 Model N using the generalized finite-K
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source, infinite server G(K)/G/oo model

Distribution of connected calls:

P[N =n] :(Kjr”(ﬂr)‘K

n

Carried Load:

E[N]=K ——
1+r1

Blocking Probability:
Poock =0



Optical CDMA Model (2)

Bit Error Probability Pe

We model an OCDMA network with K
4-wavelength _ _
101-timeslot subscribers and I maximum
6 wavelenath-time // .
10 e = simultaneous users
prime COCV
. / An outage occurs when the number of
/ [ M .
s 4 T aoo-o o-n0n | active calls exceeds the maximum I, i.e.
104 M>T
/ so that the performance of all circuits
12 degrades beyond the max BER threshold.
10 0 20 40 60 80 100
Number of Simultaneous Users M
P[BER > 109]
. . . . II : N A/
Distribution of a:(ctlve calls Outage probability: P[M> T']
PIM=m] =)» P[IM=m|N =n]-P[N =n] K (K
n=m Pouage = 2 ( j(pr )" (1+(1=p)r)~ "
K(n m n-m K N K m=r+1\_M
= p"(1-p) "  r'(1+r)
—~\m n

”K Blocking Probability:
) ( J(pr )m(1 H-p) )K_m Poiock = 0



And now to define the teletraffic capacity...

The teletraffic capacity is the maximum value of E[N] satisfying:
1. QOutage Constraint: P P max

) . outage outage
2. Blocking Constraint: Poiock < Phiock™™

We compare teletraffic capacities of:
« OCDMA with I' maximum simultaneous users and K subscribers
« WRN with I wavelengths and K subscribers.

< E[N]=K —— G(K)/Gloo Model
= T1+r I —
O - —

SE R m K—m e
8 I:)outage - mzr+1(mj(pr) (1 + (1 - p)r) o [ 1
_ K K

— 1(K 1) (K 1 T G(K)/G/F(O) Model

r m | =

X E[N]=Kr = d Poiocking = . —

K ¢ LIL(K).
= 50K St wl =
i=0 i=0

K r




or Pblnck

outage

OCDMA vs Wavelength Routed Network

K=48 subscribers
['=32 OCDMA maximum simultaneous users

['=32 WRN wavelengths
Constraints: P max=10-2 and P ™ =103

outage

Outage Probability (OCDMA)
Blocking Probability (WRN) vs E[N] affic Capacity of OCDMA and WRN

o0 OCDMA Capacity
e WRN Capacity -

’ O
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Aggregate Carried Circuit Load, E[N] Circuit Activity, p



OCDMA vs Wavelength Routed Network

K=64 subscribers
['=32 OCDMA maximum simultaneous users

['=32 WRN wavelengths
Constraints: P max=10-°and P, ™ =102

outage

Outage Probability (OCDMA)

Blocking Probability (WRN) vs Offered Load Teletraffic Capacity of OCDMA and WRN
65 T T T T T T T
¢ ° © OCDMA Capacity
80k e WRN Capacity
55} o l
50 .
45} .
. MA p=20% 40t ° _
El 35} .
[o]
DA p=10% a0l i
0o
107} 251 .
[} '] '] [ ° ® ® [ ] L] ®
20t .
0
10_50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 25 31 02 03 04 05 06 07 08 09 1

Aggregate Carried Circuit Load, E[N] Circuit Activity, p



On the Teletraffic Capacity of OCDMA*: Conclusions

* We developed a framework for understanding capacity
under stochastic utilization (teletraffic capacity)

* We found that
— OCDMA capacity exceeds that of WRN
— ...except when activity p - 1 and P, "> << P max

outage

— To remedy this, we will show how OCDMA with call admission
control can match or exceed WRN capacity (stay tuned!)

* QOur framework can be extended to model more complex
systems
— users have different values of p, uy, v
— multicode systems

*

S. Goldberg, P.R. Prucnal, “On the teletraffic capacity of OCDMA”, accepted for publication in
IEEE Transactions on Communications
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Call Admission Control (CAC) for OCDMA

\\ e With CAC the network blocks some new
— L circuit requests to reduce interference and
% thus reduce occurrence of outages.
N
We now have both outage and blocking!
For perfect service availability ( P,,,,."*=0 )

—  Block new calls when N=T"
—  No statistical multiplexing = OCDMA network operates like a WRN

But we can do better if we allow P max > () 1

outage
We propose two CAC protocols:

—  Complete Sharing CAC: Block new calls when N=B

—  Check Interference on Call Arrival CAC: Block new calls when M> B

Design the CAC protocols (i.e. find optimal blocking threshold B*) that

maximizes the teletraffic capacity E[N] while satisfying:
1.  Outage Constraint: P <P max

. ) outage outage
2. Blocking Constraint: Poiock < Porock™™



Call Admission Control Results: K=64, I'=32, p=75%

Poutage™ | Ppiock™™ |OCDMA|CS CAC|CIUCA CAC| WRN The blocking
constralnt is binding
102 10° 31.2 31.2 31.2 16.2
so B'=K (no CAC)
102 104 31.2 31.2 31.2 18.0
102 103 31.2 31.2 31.2 20.4 * ~
: : CS: B =34
102 102 31.2 32.0 31.8 23.6 o
17% capamty increase
104 102 24.5 26.6 25.8 23.6 10% Capac|ty increase >
10° 102 22.0 25.9 24.3 23.6 |
Outage Probability (OCDMA) Blocking Teletraffic Capacity of OCDMA/ WRN
Probability (WRN) vs Offered Load W|th P outage Dmax—105 P |Ockma><:10'2
= e ] OCbI\J‘IA Calpacity
80| ¢ WRN Capacity
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Source-Matched OCDMA Spreading Codes

When an analog signal is source-
encoded (i.e. quantized and
compressed) redundancies in
encoding mean that the datastream
contains bits of varying importance.

Use a priority scheme:
- to maximize system capacity
- to send important bits with reliably.

— Data arranged in blocks:
- u,, more important bits (M-bits)
- U, less important bits (L-bits).

10

10° +

—
Ou
(o]

Probability of Error
(e)

Punctured CH-prime code with ule, u._:6, w=8, Aw=1, N=71

+  (8,71) CHPC

* (11,71) CHPC

Punctured CHPC L-Bits+

—— Punctured CHEC M-Bit
*

N
(=}
T

0 15 20 25
M - Number of Simultaneous Users

e.g. Message sent via punctured CH-prime code, u,, =1, u, =4, w =3, Aaw = 2, N=5.

0 0 1 0 0 0 0 1 0 0 0 0
0 1 0 0 0 0 1 0 0 0 0 1
1 0 0 0 0 1 0 0 0 0 1 0
0 0 1 0 0
0 1 0 0 0

*

30

1 0 0 0 0 1 0 0 0 0

0 0 0 0 1 0 0 0 0 1

0 0 0 1 0 0 0 0 1 0

oO|Oo|Oo|Oo |~

PEU NS N R B Eien)

S. Goldberg, V. Baby, T. Wang, P.R. Prucnal, “Source matched spreading codes for optical

CDMA”, accepted for publication in IEEE Transactions on Communications



OCDMA Selective Speedup for Queue Management

Active Queue Management

Instead of dropping packets
during congestion, send
some with selective speedup!

Selective speedup decreases
packet dropping probability,
queue length and delay.

Packet dropped!

Regular packets sent one at a time with weight ~ Speedup packets sent three at a time with weight
w codewords and high reliability (low BER) w/3 codewords and lower reliability (higher BER)

| A
2 ——

W

[N

> > > > > >
[SSIE NS
> > > > > >

:




Security of Coherent Spectral-Phase OCDMA

Shared

N Parallel Datastreams

scrambler
B
:::: Shared “
— pr—f ) At AS t 1
X ‘1) Descrambler atastream
v
’q? -
b X (I) .S < pr—
° a N
JAA 2 b g ) e
2 j’ o _a
pulses % X (I) — E Network = —
—
X (I) — ke ke ——Datastream N
/ Intercode : /
2-Code Keyin phasing 2-Code Keying
ying Decoders
Encoder

Goal: To study the security of the system against an
eavesdropper in a chosen plaintext attack.

Determine system security as a function of

- N — Number of users Mfﬂ_&_

- cW — number of scrambler states

- Randomness of intercode phasing 4
v e {m,0}W
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Obtaining I': Performance Analysis

Optical Correlator
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HUMBER OF USERS

BER vs M Plots — Different Flavours

Tancevski, Andonovic, “Wavelength
Hopping/Time Spreading”, JLT, 1996
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Call Admission Control

More on Call
Admission Control

S y Lightwave Communications Research Laboratory



CS CAC & CIUCA CAC Models

CS CAC

Block when N =B Outage when M >T°

e Y B

VR0 [ (N U o Tl

m=I'+1n=M i=0 J

CUICA CAC

Block when M > B Outage when M >T

1 0<n<B Markov Chain Model
_ B-1 n
B, = Z O"(1—p)"™ B<n<K for < N<K
m

-1
(Kjr‘Hﬂ ﬂj} ha K+1-n)vep, 4

1 - (n+1)l«l K-n)V.Bn
- i i—1

i ]r [ ﬁ'} @

P

- $laor S o]

m=r+1\ M =0 i=0

K- K -1
E[N]=Krn§:j0 jr 1‘[J 0,8{

n

I Mx

o)
N
7:
_\

Poock =1~ J H, oﬂ{

n

Il
o
O




OCDMA Complete Sharing CAC Model

Admit calls only when the total number of connected circuits is less than a
threshold B.

Block when N = B. Outage when M > I

* Model N using the G(K)/G/ B(0) loss model withT'<B <K
— Incoming traffic is blocked when N =B

T

— Carried circuit load

eS|

— As before, we find the distribution of M (active circuits) from

G(K)/G/B(0) Model
i

dBl

i
i
B

P[M:m]=ZB:P[M=m|N:n]-P[N:n]

— So that the outage probability is

e P11 3 3| Jrrie-py o[ S|

m=I'+1n=M i=0



Check Interference on Call Arrival CAC Model (1)

Admit calls only when the total number of active circuits is less than a
threshold B.

Block when M > B. Outage when M > I

Model N using a Markov chainforO<N< K
— Introduce state dependant blocking probability: 7- 8. = P[ New call blocked |[N=n ]

1 0<n<B
B-1
ﬁn:P[M<B|N:n]: Z(njpm(1_p)nm B<n<K
m

m=0

— From the Markov chain, the distribution of connected calls N is

—1
K —1 n n-1 K K i i—1
PIN :n]:[ i jr Hi-oﬂ{zg‘[i jr Hj_oﬂj}
|= nu
— As usual, find the distribution of active calls M from

PIM=m] =2 P[M=m|N=n]-PIN=n] (n+1)u

(K+1 'n)V.Bn-1
(K'n)V.Bn

Ki(n
= "(1-p)"™-P[N =
nm(mjp ( p) [ n] (n+2)u (K'1'n)V.Bn+1



Check Interference on Call Arrival CAC Model (2)

Admit calls only when the total number of active circuits is less than a
threshold B.

Block when M > B. Outage when M > I

— Then the outage probability can be found from the distribution of M

Prosage =PIM>TT= Y [m(pr) KZm(K m]m rYHTTﬂ,—[i(ﬂfiHZLﬂj}

m=I+1 (=0

Mx

Il
o

K
-1
i—1
[I J Hj=0ﬂ1:|
— and using the arrival theorem, we can find

— To find the blocking probability we start with
PIM>B] =Y P[M>B|N=n]-P[N=n]
(1 $.)-PIN =n]
Z( j H] O'B|:
KK —1 KK —1 -
Poiock =1~ Z( ] HJ 0ﬂj|:§( i ] HJ oﬂj}



Designing the CAC Protocols

Design the CAC protocols (i.e. find B") such that the teletraffic capacity E[N]

iIs maximized while satisfying both constraints:
1.  Outage Constraint: Poutage < Poutage™™
2. Blocking Constraint: Poiock < Poiock™™

To find B” we used an exhaustive search:
1. Check if CAC is required: If P, 00 < Poyage™® for all r then no CAC required.

2. If CAC is required:

— For B =1...K compute the maximum offered load per subscriber rgma
satisfying the constraints. Use rg"® to compute the teletraffic capacity E[N]
for this B

— Choose the blocking threshold B™ that maximizes the teletraffic capacity



Comparison of CAC Protocols

K=64, I'=32, Poutagemax=10'5, Ppiock™*=10-2
o OCDMA CS CAC CIUCA CAC

Activity : - - -
P Capacity | B’ Optlm.al Capacity 5" Opt|m.al Capacity

Capacity B=34 Capacity B=27

90% 18.3 32 23.6 18.9 28 21.7 20.6

80% 20.5 33 24.6 22.4 27 23.1 23.1

5% 22.0 34 25.9 25.9 27 24.3 24.3

70% 23.5 35 26.6 25.9 27 25.1 25.1

60% 27.4 38 29.6 25.9 26 28.7 28.0

50% 33.1 43 34.6 25.9 26 33.6 33.2

40% 41.2 50 42.3 25.9 26 41.5 41.4

« CIUCA-CAC is more robust than CS-CAC to changes in activity p
« CS-CAC provides higher capacity increases than CIUCA-CAC.



Additional Comparison of CAC Protocols

kmax=1 0-2

outage bloc

K=64, ['=32, p=.75, P, .___max=105, P

10 T T I

10-5 ____________________

—— Qutage Probability with C5 CAC
—— Blocking Probability with CS CAC 1
Outage Probability with CUICA CAC
Blocking Probability with CUICA CAC
— QOutage Probability OCDMA without CAC
— Blocking Probability WRN
— — QOutage Constraint

— — Blocking Constraint

I

10"’-5 ! ! ! I
0 10 20 30 40 50 G0

Aggregate Circuit Offered Load, a [Erlangs]

« CS-CAC reduces outage probability more effectively than CIUCA-CAC




Insensitivity of Engset G(K)/G/m(0) model

* For the M/G/oo and M/G/m(0) we model the general service time distribution
X using a Cox representatlon a series of memoryless servers).

| a aq Ay
ul l“l2 l“ld +Za0 aj 1b]H ’Ll|
b b \ I1S+1u|
>

Laplace Transform

* Unlike in the M/M/co and M/G/m(0) the variable N(t) for each model is no
longer Markov. Instead we define a new Markov state variable

S(1)=U N(O,1(t) } = { Ny (t), Ny(t), ..., Ny(t), 1(t) }

* Now the system dynamics have the following differential equation for
P(x,s,t)=P[ x departures in (0,t) and N(t) = s]
d

P(){,§,t) = ZP(;{—1,§+1j,t)(nj +1),ujbj Departures from server from s+1,
j=1
d
+ZP(Z S+1j -1 -1, t)(nj 1+1):u1 1a1 -1 Customers moving through server from s+1, -1, ,
j=2
+ ﬂ,aOP(Z,§—']1,t) Arrival to server from s-1,

b Which has solution:d (i Tj
—P(}(,§,t)(i+znjﬂj) Transitions out of s P(;(St) (A)* _M'H -
){.

— | 1
j i ny!




