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Abstract: The fundamental-mode arrayed waveguide grating (AWG) for 

all-optical discrete Fourier transformer (DFT) shows significant feasibility 

in the system tolerance of all-optical sampling orthogonal frequency 

division multiplexing (AOS-OFDM) systems. We discuss the system 

tolerance of AWG-based DFT designs for 100/160Gbps OFDM 

transmission system in comparison with coupler-based DFT designs. 
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1. Introduction 

Optical orthogonal frequency division multiplexing (OFDM) is a promising technique to 

increase the spectral efficiency of optical fiber transmission systems with mitigated fiber 

transmission system impairments [1–6]. An OFDM multiplexing can be achieved using 

inverse discrete Fourier transformer (IDFT), so that each orthogonal frequency is allocated to 

an individual subcarrier channel. At a receiver side, an OFDM symbol can be de-multiplexed 

by forward discrete Fourier transformer (DFT). In general, optical OFDM systems utilize 

electrical DFT processors that require very high speed digital signal processors (DSP) and 

digital-to-analog and analog-to-digital converters (DAC/ADC). Thus, the OFDM symbol 

modulation speed is limited by DSP and DAC/ADC processes and the system cost increases 

rapidly beyond the silicon technology throughput limit [2]. In order to overcome such limits, 

all-optical DFT schemes which use passive optical components have been recently researched 

in the frame work of AOS-OFDM [3–6]. In an AOS-OFDM system, DFT process is attained 

by optical phase shifts and multiple interferences [4], and hence system performance is highly 

dependent on the phase accuracy of optical DFT [7]. The phase error is unavoidable in actual 

devices because of manufacturing uncertainty [8–11], which is responsible for inter-subcarrier 

crosstalk. One of our previous works [4] has proposed the principle of operation, but used a 

practically unattainable DFT circuit fabric due to the complexity and phase error penalty. 

Every optical path in a DFT circuit should have exact phase relations to maintain 

orthogonality of subcarrier channels [6,7]. In this paper, we discuss the principle concerns of 

operation with a coupler-based Marhic circuit [12–14] and fundamental-mode AWG [15] for 

DFT processors [3,16,17] and compare their performances against the phase errors in Section 

2, and investigate their system performances of 100 and 160 Gbps AOS-OFDM systems in 

Section 3, for a better device technology choice in terms of manufacturing feasibilities. 

2. Phase errors in all-optical DFT processors 

An AOS-OFDM multiplexer and demultiplexer consist of two functions: DFT and optical 

delay array [4]. The DFT of time-domain sequence 
n  with a sampling size of N is defined 

by 
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Considering the mathematical expression of DFT, we can implement that a DFT processor 
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  for inverse and forward DFT, respectively. Here, kn,  is the n-th time 

domain sample for the k-th input kE for an inverse DFT. Similarly, nkE , is the k-th frequency 

domain output for the n-th input n for a forward DFT. In order to realize the time domain 

representation as a waveform, we require an array of time delays, that is, n T for the n-th 

time-domain port. Here, NTT /  where T is the symbol period. 

For a realization of an all-optical DFT, one can employ an optical DFT circuit design 

introduced by Marhic, which consists of 2x2 couplers and phase shifters [12–14]. Figure 1(a) 

shows 4x4 coupler-based IDFT and DFT circuits as an example for multiplexing and 

demultiplexing 4-subcarrier OFDM symbols [6]. This design allows for the simplest optical 

circuit design with O(NlogN) scalability, where N is the number of optical OFDM subcarriers. 

However, in manufacturing, every waveguide between couplers always has a certain phase 

error, which is indicated with a yellow marker in Fig. 1(a), caused by little difference of 

waveguide width and length. As the coupler-based Marhic DFT circuits utilize complex 

interferences in a network of couplers, phase error can break the inter-subcarrier orthogonality 
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in an AOS-OFDM system. In the case of an NxN coupler-based DFT, the number of phase 

error impairments grows with 2NlogN. As a result, performance evaluation shows serious 

penalties due to phase errors in the Marhic DFT [7]. A practical AOS-OFDM system may 

require an active phase error compensation technique [7]. Precise insertion loss control of 

each waveguide is also important to realize the orthogonality because the inter-subcarrier 

crosstalk cancelling by destructive interference among multiple light circuit paths becomes 

incomplete for uneven loss. However, the phase error gives more critical penalty than loss 

uniformity error [7]. In this paper, we focus on the manufacturability study of optical DFT 

devices from the point of view of waveguide phase tolerance. 

π/2 -π/2

Delay arrays IDFT process DFT processDelay arrays

IDFT process DFT processDelay arrays Delay arrays 

(a)

(b)
 

Fig. 1. Schematic illustration of phase errors of IDFTs and DFTs in coupler-based Marhic 

circuits (a) and fundamental-mode AWGs (b). 

 

Fig. 2. Power transfer functions of proposed 4x25GHz all-optical DFT for the ideal case (a), 
and typical examples with phase errors in coupler-based DFT (b) and in FM-AWG (c), 

respectively, according to the phase error models in Fig. 1. 

A fundamental mode AWG (FM-AWG) employs N arrayed waveguides for N subcarrier 

channels between two slab waveguides which are two-dimensional free propagation regions 

(FPR), as shown in Fig. 1(b). A careful design of waveguide ports on a slab waveguide can 

achieve the DFT phase relations [15–17]. The length of waveguides vary to produce 

propagation time delays, n T , n = 1… N, to multiplex and demultiplex an OFDM symbol 

[18]. In this design, the number of phase errors for N subcarriers is only N, so that we can 

expect less impact on inter-subcarrier crosstalk between subcarrier channels. 
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Figure 2(a) shows an example of the ideal power transfer function of a 4x25 GHz all-

optical DFT. The transfer function of each subcarrier port is a sinc function and the center of 

neighbor subcarriers are situated at null point of one another. As shown in the figure, 

individual subcarriers are partially overlapped with one another due to significant side lobes 

over the main lobes of other subcarrier channels. However, the interference due to side-lobe 

crosstalk is canceled by the OFDM property. 

In order to investigate the statistical impact of waveguide phase errors indicated with 

yellow markers in Fig. 1, which is represented by phasor mi
e


, on all-optical DFT circuits, we 

assume that the distribution of phase errors is a truncated Gaussian distribution with mean 

value of zero [8]: 
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Here, random variable 
m  is a phase error of the m-th waveguide and   is a standard 

deviation of Gaussian distribution. It is noted that the range of Gaussian random variable is 

limited to twice of standard deviation, which is assumed as a manufacturing tolerance, for 

practical modeling. Constant coefficient A normalizes the distribution, such that 
2

2
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 . Figures 2(b) and 2(c) are the power transfer functions of a coupler-based 

IDFT and FM-AWG IDFT. Each of these figures is a typical sample case with random phase 

errors with a standard deviation of λ/20. The transfer function of the FM-AWG shows slight 

difference from the ideal case but that of the coupler-based IDFT shows significant crosstalks 

that are responsible for orthogonality degradation. In Fig. 2, the maximum crosstalk value of 

FM-AWG IDFT is 46 dB at 0 GHz, while that of coupler-based IDFT is 27 dB. This 

comparison motivates a study for practical implementation with FM-AWG devices. Insertion 

loss non-uniformity error also introduces penalties on the OFDM process in both types of 

DFT devices [7,16]. However, the phase error penalty is much more critical than insertion loss 

error in the limit of manufacturing tolerance In our study, we focus only on the phase 

tolerance and the corresponding manufacturability with reasonable phase error control by 

post-fabrication compensation techniques [10,11]. 

3. Comparison of system performance between fundamental mode AWG and coupler-

based AOS-OFDM system 

Figure 3(a) shows the schematic of a 4x25Gbps AOS-OFDM transmission system of an 

example model for numerical simulation. At the transmitter, a continuous-wave (cw) laser and 

a pulse carver produce a return-to-zero (RZ) pulse train, which is split into 4 of 25Gbps 

modulators. The pulse train forms a comb spectrum with a 3-dB full width bandwidth of 80 

GHz as shown in the upper part of Fig. 3(c). Individually modulated optical RZ on-off data 

are fed to an all-optical IDFT circuit which is either a coupler-based Marhic circuit or an FM-

AWG (Fig. 3(d)). The all-optical IDFT circuit transforms each modulated RZ data into the 

corresponding OFDM subcarrier and all subcarrier components are superpositioned to form an 

optical OFDM symbol. The lower plot of Fig. 3(c) shows the power spectrum density of 

transmitter output of AOS-OFDM using FM-AWG. In this system, the subcarrier frequencies 

are situated at every 25 GHz from the optical center frequency. The 50-GHz channel is 

divided into ± 50 GHz channels due to the aliasing effect of IDFT. In practical application, the 

OFDM symbol can be transmitted over a fiber link. However, in this paper, as our 

performance investigation is limited to the DFT circuit feasibility, we assumed an ideal 

transmission fiber link with no dispersion and nonlinearity impairments. Finally, at the 

receiver side, an optical bandpass filter is used to eliminate out-of-band optical amplifier 

noise, namely, amplified spontaneous emission (ASE). Subsequently, the OFDM symbol can 
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be de-multiplexed by DFT process. The left side of Fig. 3(b) shows the output waveforms of 

the DFT process. In turn, the RZ optical data of each subcarrier channel is retrieved at every 

40ps by sampling using an electro-absorption modulator pulse carver as shown in the right 

side of Fig. 3(b) by following the operation principle discussed in [4]. 

100 Gbps

fC -25GHz

fC +25GHz

fC+50GHz

fC+0GHz

MOD
25Gbps

MOD
25Gbps

MOD
25Gbps

MOD
25Gbps









subcarrier

phase & amplitude 

pre-emphasis

cw LD
fC

pulse 

carver

25GHz

clock

D
e
-

se
ria

lize
r

fC -25GHz

fC +50GHz

fC+25GHz

fC+0GHz

clock recovery 25GHz

PD
25Gbps

PD
25Gbps

PD
25Gbps

PD
25Gbps

S
e
ria

lize
r

100 Gbps

Optical

bandpass

filter

4x25 Gbps

DCM
xS

Lowpass Filter

ID
F
T
  

P
ro

ce
ss

D
F
T
  
P
ro

ce
ss

1. Coupler-based DFT 

2. AWG DFT 

DFT  Process

(a)

(c)

(d)

-100 -75 -50 -25 0 25 50 75 100
0

0.05

0.1

0.15

0.2

0.25

Frequency (GHz)
-50 -25 0 25 50 75-75

-50 -25 0 25 50

-30

-25

-20

-15

-10

-5

00

-10

-20

-30

-40

-50

-60

P
SD

 (
d

B
m

/n
m

)

-50 -25 0 25 50

Frequency (GHz)

0 20 40 60 80
0

10

20

30

40

50

0 20 40 60 80
time(ps)

w
av

ef
o

rm
 (

a.
u

.)

w
av

ef
o

rm
 (

a.
u

.)

0 20 40 60 800 20 40 60 80
0

1000

2000

3000

time(ps)

(b)
 

Fig. 3. Schematic diagram of a 4x25 Gbps AOS-OFDM system (a), Rx optical waveform 
before and after electro-absorption modulator pulse carver (b), comb spectrum of Tx pulse train 

and power spectral density of fundamental mode AWG-based AOS-OFDM (c), proposed DFT 

processors (d). 
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Fig. 4. Waveform examples of 4x25 Gbps OFDM symbols generated with and without random 
phase errors. Phase rotations are measured with respect to the optical carrier frequency of 0 

GHz. 

The principle idea of all-optical OFDM is that time-varying phase in a symbol period can 

introduce frequency shift, which is rendered by passing through an inverse DFT circuit [4]. 

Ideal phase rotations in the waveforms after an inverse DFT circuit of a 4x25 Gbps OFDM 

system are shown in Fig. 4. As for the subcarrier frequency of 0GHz, there is no phase change 

in time as shown in the ideal case. Subcarriers of ± 25 GHz and 50GHz have maximum phase 

changes of 1.5π and 3π, respectively, as indicated by red curves. Figure 4 also shows the 

phase rotation errors of FM-AWG and coupler-based IDFTs with phase errors, which is 

responsible for waveform distortion. As expected by the transfer function of Fig. 2, a coupler-

based IDFT introduces much larger distortion than FM-AWG IDFT. For performance 

comparison between coupler-based and FM-AWG AOS-OFDM, we have modeled 4-

subcarrier 100Gbps and 8-subcarrier 160Gbps AOS-OFDM systems using MATLAB 

simulations. 

In order to investigate phase accuracy requirement based on the system penalty, we 

introduced random phase errors on every waveguide in both coupler-based and FM-AWG-

based IDFTs and FDFTs according to the manufacturing uncertainty model of Eq. (1). The 

standard deviation of phase errors that are caused by size variations in core dimensions and 

refractive index variations of cores and claddings is assumed to vary from λ/150 to λ/15. This 

manufacturing accuracy is typically attainable in the state-of-the-art silica and polymer planar 

waveguide light circuit manufacturing [9]. In order to evaluate Q factor statistics, we generate 

1600 and 4800 different sets of random phases for 4-by-4 and 8-by-8 coupler-based circuit, 

respectively. In the case of FM-AWG, 800 and 1600 random phases are generated for 4 

channel and 8 channel AOS-OFDM system. The reference Q factor of phase-error-free DFTs 

Q is adjusted to 8.5 dB (in 10 log10 Q) by adjusting the OSNR levels. This reference provides 

a reasonable OSNR requirement. In Fig. 5(a), we have plotted the average Q-factor as a 

function of the standard deviation of phase error distribution in radian. Initially, Q values of 

all cases decrease slowly as the phase errors increase, but when phase errors are large, the Q 
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penalty becomes more sensitive to phase error, Besides, in the case of an 8-channel coupler-

based OFDM, Q value is about 2.1dB less than an 8-channel FM-AWG-based OFDM system 

at a phase error standard deviation of λ/20 as compared in the figure. In this result, an FM-

AWG-based AOS-OFDM system shows lower sensitivity to phase error compared with a 

coupler-based system. 

 

Fig. 5. System performance of the two AOS-OFDM systems (a) and the yield curves of FM-
AWG-based 8x20 Gbps AOS-OFDM system (b). 

There are two reasons that an FM-AWG AOS-OFDM device is less sensitive to phase 

error. First, the number of waveguides which can cause phase errors in an FM-AWG AOS 

OFDM is N, which is less than that of a coupler-based DFT circuit, Nlog2N. The second 

reason comes from the differences in designs and operation principles of the DFT processes. 

In the case of coupler-based DFT, it utilizes the lightwave interference between two 

waveguides and the corresponding interferences are nested [7]. Therefore, optical data couple 

and interfere with one another at all couplers in a DFT circuit. Hence, the crosstalk 

components are produced at all couplers by propagating through all of them. On the other 

hand, an FM-AWG utilizes imaging optics. In this device, after propagating arrayed 

waveguides, light beams are radiated to the second FPR where all light beams from all outputs 

of arrayed waveguides interfere constructively and focus at a designated port in the second 

FPR. Thus phase errors from arrayed waveguides decrease by an average-out effect at each 

port, even though the output port coupling and the corresponding optical data amplitude 

change. Therefore, an FM-AWG is relatively less sensitive to phase error. As a result, there is 

no doubt to conclude that an FM-AWG is more practical and acceptable for applications in an 

AOS-OFDM system, compared with a coupler-based DFT. Figure 5(b) presents the 

manufacturing yield curves of an 8-channel FM-AWG example as a function of penalty 

tolerance. Here, 800 sets of phase error random variables are created and their system 

performances are evaluated. We count the fraction of qualified system performance. In the 

figure, the yield of 100% means that the Q-values of all devices with phase errors are higher 

than 8.5dB, which corresponds to a 1210  BER. For example, if the penalty tolerance is 1dB, 

the yield indicates the fraction of qualified devices that can achieve system performance with 

Q-values higher than 7.5dB. This yield curve also shows that FM-AWG is resilient against 

device manufacturing uncertainty by the measure of AOS-OFDM system performance. Note 

that this result delivers the manufacturability against waveguide phase error control only. 

4. Conclusion 

In this paper, we compare system performances of fundamental mode AWG and coupler-

based DFT for AOS-OFDM systems. By employing FM-AWG in the AOS-OFDM system, 

we can minimize the essential problem that an AOS-OFDM system is extremely sensitive to 

phase errors in DFT circuits. Such errors introduce OFDM transfer function errors in the 

frequency domain and consequently the time-domain waveform distortion, resulting in 
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degradation of inter-subcarrier orthogonality. The corresponding system performance 

comparison between FM-AWG and coupler-based AOS-OFDM systems is evaluated using 

numerical simulations. The simulation result shows that an FM AWG-based OFDM system is 

less sensitive to phase error, so that it can achieve the more reliable system performance 

compared with a coupler based AOS-OFDM system. Our statistical modeling results suggest 

that an AWG-based AOS-OFDM system is a good candidate to deliver a practical system 

application in all-optical sampling OFDM transmission in the sense of manufacturing 

feasibility. 
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