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We propose and describe an all-optical prefix tree adder with the help of a terahertz optical asymmetric
demultiplexer (TOAD) using a set of optical switches. The prefix tree adder is useful in compound adder
implementation. It is preferred over the ripple carry adder and the carry lookahead adder. We also describe
the principle and possibilities of the all-optical prefix tree adder. The theoretical model is presented and
verified through numerical simulation. The new method promises higher processing speed and accuracy.
The model can be extended for studying more complex all-optical circuits of enhanced functionality in
which the prefix tree adder is the basic building block.
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Various architectures, algorithms, and logical and arithmetic operations have been proposed in the field of optical/optoelectronic computing and parallel signal processing in the last decades[1−5] . Ahmed et al. have designed
a logic unit using a polarization-encoded optical shadow
casting scheme[6] . Mukhopadhyay et al. have proposed
an all-optical arithmetic multiplication scheme with nonlinear material[7] . McAulay has reported an optical
arithmetic unit using bit wavelength diviston multiplexer
(WDM)[8] . Among the proposed schemes, the terahertz
optical asymmetric demultiplexer (TOAD) semiconductor optical amplifier (SOA) assisted Sagnac gate effectively combines fast switching time and reasonable noise
figure with the ease of integration and overall practicality
that enables it to compete favorably with other similar
optical time division multiplexing (OTDM) devices[9−17] .
In our previous publication, we have proposed TOADbased tree architectures for all-optical logic and arithmetic operations[18] , all-optical arithmetic units[19] , and
all-optical adder/subtractor units[20] . The all-optical
prefix tree adder has many potential applications in optical computing. In this letter, we propose and describe the
TOAD-based switch as basis for designing an integrated
circuit which can perform the addition of two 2-bit numbers in an all-optical domain. Simulation of the proposed
design has also been conducted with the help of Matlab6.5.
In recent years, the TOAD-based gate has taken an
important role in optical communication and information processing[21−27] . Sokoloff et al. have demonstrated
a new device, a TOAD capable of demultiplexing data
at 50 Gb/s[3] . The TOAD consists of a loop mirror with
an additional intra-loop 2×2 (ideally 50:50) coupler. The
loop contains a control pulse whose light is different from
that of an incoming pulse and a SOA that is offset from
the loop’s midpoint by a distance ∆x (Fig. 1). In our ear1671-7694/2011/062001(5)

lier paper, we have tried to utilize the output from both
the transmitting and reflecting modes of the device[19−23]
to perform logical and arithmetic operations. In this letter, we utilize the same procedure.
The output powers at ports 1 and 2 can be expressed
as[28−30]
Pin (t) ©
· Gcw (t) + Gccw (t)
Pout (t) =
4p
ª
∓ 2 Gcw (t) · Gccw (t) · cos (∆ϕ) , (1)
where Gcw (t) and Gccw (t) are the power gains for clockwise (cw) and counter clockwise (ccw) pulses. The timedependent phase difference between cw and ccw pulses
is[28]
∆ϕ = −α/2 · ln [Gcw (t)/Gccw (t)]

(2)

with α being the line width enhancement factor. When a

Fig. 1. TOAD-based optical switch. PC: polarization controller; PF: polarization filter; E cw : clockwise electric field;
E ccw : counter clockwise electric field.
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control pulse is injected into the loop, it saturates the
SOA and changes its refraction index. The SOA gain
decreases rapidly according to[2,28]
G(t) =

1
1 − (1 −

1
Gss ) exp

³
−

Ecp (t)
Esat

´,

t 6 ts ,

(3)

where Gss stands for small signal gain, Esat is the saturation energy of the SOA, ts is the saturation time of SOA
Rt
and Ecp (t) = Pcp (t0 )dt0 . In this letter, we consider
∞
³ 2´
E
Gaussian pulse Pcp (t) = σ√cpπ exp − σt 2 as the control
signal, where Ecp is the control pulse energy and σ is the
full-width at half-maximum (FWHM). After a while, the
gain recovers due to the injection of carriers and can be
obtained from the gain recovery formula[1,29] :
s
·
¸exp[− (t−t
τe ]
G(ts )
G(t) = Gss
, t > ts ,
(4)
Gss
where τe is the gain recovery time. As a result, the two
counter-propagation data signals experience different
gain saturation profiles, i.e., Gccw 6= Gcw . Therefore, the
signals recombine at the input coupler. When ∆ϕ ≈ π,
the data will exit from output port 1, i.e., Pout,1 (t) 6= 0
and Pout,2 (t) ≈ 0. Subsequently, the corresponding values can be obtained from Eq. (1). The energy of the
control pulse is 10 times greater than that of the incoming pulse. The control pulse and incoming pulse can be
discriminated by appropriately adjusting their polarization states using polarization controllers (PCs) so that
they are orthogonal to each other. The output of any
switch can be used as an incoming/control pulse for the
other provided that they pass through a variable optical
attenuator and a PC. A polarization beam splitter (PBS)
may be used at the output of the TOAD-based switch
to reject the control pulse and pass the incoming pulse.
The block diagram is shown in Fig. 2.
In the absence of a control signal, the incoming pulse
clearly exits through the reflecting port of TOAD which
can be separated by optical circulator and reaches the
output port 2.In this case, no light is present in output
port 1. However, in the presence of the control signal,
the incoming signal exits through the transmitting port
of TOAD and reaches the output port 1. In this case,
no light is present in the output port 2. In the absence
of the incoming signal, ports 1 and 2 receive no light
because the filter blocks the control signal. Schares et
al. have shown that when amplified spontaneous emission (ASE) becomes high enough, it influences the gain
saturation only when SOA is longer than 150 µm[30] .

Fig. 2. Schematic diagram of TOAD-based optical switch.
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The control pulse energy is much lower than 1 pJ and
the pulse width is narrow. Thus, two-photon absorption (TPA) and ultrafast nonlinear refraction (UNR) are
neglected[31] . The SOA length is smaller than 150 µm.
In different stages, we use an optical attenuator such
that every TOAD gets the same input intensity. We also
use control and incoming signals that are of different orthogonal polarizations. Hence, cascading is not difficult.
No additional input light source is used in any stage;
hence, no synchronization problem is observed in higher
bit arithmetic[32] .
In the adder circuit, the carry propagation delay is the
major concern when we try to speed up the addition of
any two numbers. For an n-bit ripple carry adder, the
delay time is linear to n. This happens due to the carry
propagation from the least significant bit position to the
most significant bit (MSB) position. This represents the
time we need to wait in relation to the worst case for
the full adder in MSB position to produce the correct
“sum” and “carry out”. The prefix trees are interconnected such that carry signals are computed partially in
parallel. The carry signal computed in an initial stage
of a given prefix tree is used in subsequent stages of the
given prefix tree without introducing additional delay in
the computation of other carry signals in other prefix
trees associated with higher bit positions. In the prefix tree, the outputs of the block are labeled with a pair
of integers corresponding to the initial and the final bit
that is spanned by the output. For n power-of-two, the
number of levels is L = log2 (n) + 1 because each level
produces a double of the bits spanned. The expression
for the delay is ta,g + log2 (n)tblock + tXOR , where ta,g
stands for delay in computing generate (g) and alive (a),
tblock stands for the total block delay, and tXOR stands
for the delay in computing XOR operation. The number
of blocks is (n/2) log2 (n) + 1 because each level (except
the last) has n/2 blocks.
In general, we can accomplish a prefix combinational
network of n inputs by computing
gi = xi · yi
pi = xi ⊕ yi
ai = xi + yi

)
,

Fi = gi + ai · Ci−1 ,
Si = pi ⊕ Ci−1 .

(5)
(6)
(7)

Here, the different signals are propagate (p), generate
(g). and alive (a). Sum (S) gives the resulting sum and
Ci−1 is the carry-over from the previous stage. Equation
(6) is implemented with the help of the GPA (generate,
propagate, and alive) block.
We use three TOAD-based switches for designing an
all-optical GPA block (Block-1) as shown in Fig. 3(a).
This block is used to produce three signals, i.e., p, g, and
a. The output terminals T1 , T2 , T3 , and T4 produce the
logic operation xi yi , xi yi , xi yi , and xi yi , respectively.
According to the operation principle of the TOAD-based
switch, gi takes the expression xi ·yi . The outputs of T1
and T3 combine to produce pi . Thus, pi takes the expression xi ⊕yi . Again, gi and pi combine with the help
of the beam combiner (BC) to produce ai .
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Fig. 4. All-optical prefix tree adder.

Fig. 3. (a) All-optical circuit to compute GPA; (b) all-optical
AND gate; (c) all-optical XOR gate. BS: beam splitter.

Light from input “xi ” and “yi ” is directly connected
to TOAD-based switches to act as incoming signals.
The inputs “xi ” and “yi ” are also connected to switches
through polarization converter (PCO) and erbium doped
fiber amplifier (EDFA), so they can act as control
signals (Fig. 3(a)). The Jones matrix of the PCO
(λ/2 plate with
µ azimuth angle θ ¶of the optical axis)
cos 2θ
sin 2θ
is Mλ/2 (θ) =
. Here, we choose
sin 2θ − cos 2θ
◦
θ = 45 , such that vertically polarized light converts into
horizontal light and vice versa when light passes. Hence,
the control and incoming pulses can be converted to two
types of orthogonally polarized light.
The optical circuit diagram for AND gate is shown in
Fig. 3(b). Optical XOR gate is shown in Fig. 3(c).
We use two GPA blocks (i.e., Block-1(a) and 1(b)),
two AND gates, and two XOR gates to design a two-bit
all-optical prefix tree adder (Fig. 4). The developed
model can handle arbitrary data patterns X(x1 x0 ) and
Y (y1 y0 ).
Let us consider an example where X = 11 (x1 x0 ), Y
= 10 (y1 y0 ), and the carry input C in = 1. In Block-1(a),
the two inputs are x0 = 1 and y0 = 0. Thus, according

to the operational principle of Block-1, three outputs are
generated as p0 = 1, g0 = 0, and a0 = 1. Again, in XOR1, the two inputs receive the values 1 and 1 (as p0 of
Block-1(a) directly connect to one input of XOR-1 and
carry from the previous stage C in = 1). It generates the
output S0 = 0 (as p0 = 0). In AND-1, it receives the
two inputs as 1 and 1, as a0 of Block-1(a) is one, and
C in from previous is also carried over as 1; and the output is produced as 1. The outputs of AND-1 and g0 are
combined with the help of BC to produce F1 . Thus, F1
= 1. In Block-1(b), the two inputs are x1 = 1 and y1
= 1. Consequently, it will produce the three outputs as
p1 = 0, g1 = 1, and a1 = 1. Similarly, two inputs are
received by XOR-2 as 0 and 1 (as p1 = 0 and F1 = 1).
Hence, it will generate the output of S1 = 1. In AND-2,
it receives two inputs 1 and 1 (as a1 = 1 and F1 = 1) and
generates the output as 1. Lastly, g1 and the output of
AND-2 are combined to produce one output, i.e., F2 =
1. As S2 takes the same value as F2 , then S2 = 1. The
final output is 110 (S2 S1 S0 ), which verifies the addition
of two 2-bit input numbers. The truth table of this prefix
tree adder is shown in Table 1.
The different parameters used in simulation have
been taken from literature that reports experimental
results[7,28,29,33] . For this simulation, we choose the following parameters: Gss = 20 dB, α = 6, τe = 50 ps,
full-width at half-maximum (FWHM) of control pulse
T FWHM = 3.33 ps, eccentricity of the loop T = 30 ps, and
control energy of 70 fJ. The developed model can handle arbitrary data patterns X(x1 x0 ) and Y (y1 y0 ). Let
us consider for example three sets of inputs, where X =
11, 10, 01, Y = 10, 11, 10, and C in = 1, 0, 1. The corresponding output waveforms are shown in Fig. 5.
We select the output extinction ratio (ER) as the optimization criterion, which indicates the opening of the
eye diagram. It is defined as
µ 1 ¶
Pmin
,
(8)
ER = 10 log
0
Pmax
1
0
where Pmin
and Pmax
are the minimum and maximum
values of the peak power of “1” and “0”, respectively.
From Eq. (8), we can calculate the output ER (dB) for
prefix tree adder. It has the value of 39.99 dB. Figure 6
shows the variation of ER with control pulse energy (Ecp )
when the eccentricity of the loop (T ) is kept constant.
The maximum ER is obtained at 70-fJ control pulse
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Table 1. Truth Table of the Prefix Tree Adder
Input X

Input Y

Carry Input

Output S

x1 x0

y1 y0

Cin

S2 S1 S0

1

1

1

0

1

110

1

0

1

1

0

101

0

1

1

0

1

100

energy. The ER increases rapidly and then decreases
after Ecp reaches 70 fJ. Figure 7 shows the variation of
ER with gain recovery time τe other parameters are kept
constant. The maximum ER is obtained at about 50 ps.
When the gain recovery time increases, the corresponding ER values decreases. Figure 7 also shows that when
τe = 70, 80, and 90 ps, the corresponding ER values are
about 29.67, 23.32, and 19.12 dB, respectively.
Figure 8 shows the variation of ER with T when Ecp
is constant. This confirms that ER is high when the
eccentricity loop T is 30 ps.
The quality factor Q of this circuit (Fig. 4) can be
expressed as[2]
P1 − P0
,
(9)
σ 1 + σ0
where P1 (P0 ) and σ1 (σ0 ) are the average power and
standard deviation of the circuit outputs at high state
(0 state), respectively. Bit error rate (BER) is likewise
obtained from
Q=

Fig. 7. Variation of ER with gain recovery time τe .

BER =

1
erfc
2

µ

Q
√
2

³

¶
=

exp

−Q2
2

√
Q 2π

´
,

(10)

where erfc is the complimentary error function. We obtain the output data by varying the input as 0 → 0,
0 → 1, 1 → 1, 1 → 0, etc. It is estimated that thousands
of data are simulated by the computer to calculate the
BER. We also plot BER against different values of control pulse energy E cp . The results are shown in Fig. 9.
Using the operation conditions, we obtain the ER and
BER at 39.99 dB and nearly 10−13 , respectively, which
are adequate for all-optical logic applications. The performance of this circuit depends on SOA carrier lifetime.
This parameter is crucial and can impose a strict limitation on the gate performance, which can severely alter
the pattern effect observed on the switched-out pulses.
Hence, carrier lifetime should be reduced. The most
direct method to achieve this goal is increasing SOA
injection current and length[34] , but the cost increases

Fig. 8. Variation of ER with the eccentricity of the loop T of
TOAD.
Fig. 5. Simulated waveforms of the prefix tree adder.

Fig. 6. Variation of ER with control pulse energy E cp .

Fig. 9. Variation of BER with control pulse energy E cp .
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twofold[14] . As the SOA length increases, we cannot
neglect ASE[35] . Moreover, quantum dot SOAs can be
used for complex gain recovery enhancement technology to reduce carrier lifetime[36] . Recently, high-speed
operations have been successfully demonstrated using a
hybrid-integrated Mach-Zehnder interferometer (MZI)
all-optical switch, which can demultiplex 168-Gb/s data
pulse[37] . Similarly, 320-Gb/s operations have been successfully reported[38] . Our proposed prefix tree adder is
also applicable when using a SOA-MZI-based switch.
In conclusion, the significant advantage in the proposed
design is that the proposed prefix tree adder can perform
addition operations, which are all-optical in nature. This
scheme can be extended and implemented easily and
successfully for any higher number of input digits by the
proper incorporation of TOAD-based switches. Numerical simulation results confirming the described method
are provided. In our proposed design, we achieve the
ER and BER of 39.99 dB and nearly 10−13 , respectively,
which are adequate for all-optical logic applications.
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