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Abstract: The high cost of the opto-electronics components 

which are typically used for the long-haul communication is 

prohibitive in the Fiber to the Home and Passive Optical 

Networks. This cost prone limitation can be easily optimized to 

some extent by reducing the cost of the electronics components 

used in the design of the transceiver and thereby, reducing the 

packaging cost. The ICs are designed in house and fabricated on 

a standard CMOS wafer with 0.18µm technology. These devices 

can operate at 1.8V and are low power in nature, thus reducing 

the demand on power dissipation. The transceiver module 

consists of an un-cooled and direct modulated laser diode driven, 

a high speed PIN photo-diode with amplifier and CMOS ICs. 

The CMOS ICs are attached on a transceiver substrate that is 

compliant with the small form-factor pluggable package 

multisource agreement and coupled to a 1310nm FP laser TOSA 

and a PIN ROSA with LC connector. This integrated transceiver 

is characterized up to 2.5-Gbps and can be applied in the high 

speed data transfer rate. The interconnect architectures which 

leverage high-bandwidth optical channels offer a promising 

solution to address the increasing chip-to-chip I/O bandwidth 

demands from the end user. A low-voltage integrating and 

double-sampling optical transreceiver’s front-end provides an 

adequate sensitivity in terms of power efficient simply, by 

avoiding linear high-gain elements common in conventional 

transimpedance amplifier. The phenomenon of clock recovery is 

performed with a dual-loop architecture which employs the 

baud-rate phase detection and feedback interpolation so as to 

achieve the reduced power consumption, while high-precision 

phase spacing is ensured at both the transmitter and receiver end 

through adjustable delay clock buffers. The increase in 

computing power enabled by CMOS scaling has created an 

increased demand for chip-to-chip I/O bandwidth. 

Unfortunately, the inter-chip electrical channel bandwidth has 

not scaled similarly to on-chip performance, causing current 

high-speed I/O link design to be channel limited that require 

sophisticated equalization circuitry which in turn increases the 

power consumption.     
 

Index Terms: 2.5-Gbps SFP, optical transceiver, 0.18µm 

CMOS technology, FTTH, GPON, Clock and data recovery, 

equalization, laser driver, optical interconnects, optical receiver, 

serial transceiver, VCSEL, 1.25G 1310nm optic transceiver; 

SFP; Signal Integrity; Circuit design, SDH, SONET, FEC, OTN. 

I. INTRODUCTION 

  With the increase in the demand of the high speed data 

transfer for the faster applications such as data transfer and 

video, the need of the IP traffic density grew rapidly i.e. goes  
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beyond the scope of IP V 4.0. This in turn stimulated the 

development of low-cost and high performance optical access 

network for the data transfer at a higher rate. The Passive  

Optical Network (PON) is one of the emerging cost-effective 

and high-performance methodologies to be looked into for 

the last mile communication [1]. A typical PON consists of 

the Optical Line Terminal (OLT) located at the Central 

Office (CO) that is responsible for broadcasting information 

downstream to the users through an Optical Network Unit 

(ONU). Information is transmitted upstream from the users, 

superimposed at combiner or mixer and sent to the OLT at 

the CO. The data from the users must be buffered and 

transmitted in short burst to avoid collision. The CO will 

decide which user to send a burst at which point in time, thus 

upstream traffic flow.   

 

Fig. 1 Upstream traffic flow in GPON [2] 

 

In the downstream traffic, the OLT will tag the data with 

addresses and broadcast it to all the users sequentially. Each 

user will merely select the data that has the appropriate 

address tag; therefore, conventional continuous transmission 

can be exploited. This scheme of the system has been clearly 

shown in figures 1 & 2. 

 

Fig. 2 Downstream traffic flow in GPON [2] 

 

Based on this approach, the development of a 2.5- 3.0 Gbps 

optical transceiver for short reach application for G-PON 

(Gigabit Passive Network) 

using 0.18µm CMOS ICs has 

been discussed that covers the 
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scope of the application to some extent. In order to achieve 

the low-cost data transfer in the GPON transceiver 

development, the most applied procedure is to design the 

required opto-transreciever by using the CMOS ICs [3].  

 

Fig. 3 Simplified model of the optical and electrical 

channels [4]. 

The interconnection between the optical module and the 

transceiver end involves the components such as microstrip 

transmission lines, connectors, and others, as shown in 

figure 4. There are enormous important practical advantages 

in this configuration that has been applied, for example, the 

fact that the optical module is considerably simplified and 

consequently, its cost is reduced. In addition to this, this 

configuration has got inbuilt capabilities so as to adopt the 

advantages of the advances in VLSI technology. It is so 

because, it enables the integration of multiple transceivers on 

a single chip and/or the integration of the physical layer 

transceiver with protocol controls engines [5].  

 

Fig. 4 Transceiver Block Diagram [6]. 

A simplified block diagram of a transreciever has been shown 

in the above figure 4. On the transmitter end, the data is 

transmitted serially through the transmit buffer, which drives 

an external laser driver directly (in a module application) or 

through the electrical transmit path (in a line card 

application).  

The inter symbol interference (ISI) generated by the 

electrical transmit path is transformed into data dependent 

jitter (DDJ) by the laser driver, which is essentially a limiting 

amplifier that slices the input signal at a certain threshold. In 

order to reduce DDJ, the transmitter should be 

pre-compensated for the ISI introduced by the transmit path. 

This required network based approach can be accomplished 

by a 10-tap programmable transversal equalizer in which the 

taps are implemented using digitally programmable current 

sources [7].  

The equalizer module is further categorized into two 

categories i.e. the first section consists of seven contiguous 

taps (a main tap, three precursor and three post cursor taps) 

and the second section, consisting of three taps, which are 

separated from the first one by a programmable delay varying 

between 0 and 40 bit periods. This second module has been 

used to equalize the reflection at the far end of the electrical 

channel that in turn results because of the imperfect 

matching of the termination.  

In the receiving path, the dispersion introduced in the data 

transferring path because of the electrical channel in a line 

card application in turn gets combined with the dispersion of 

the optical channel. The level of the input signal is adjusted 

by a programmable gain amplifier (PGA), whose gain is 

controlled by a digital automatic gain control (DAGC), 

which consists of a coarse and a fine section. This coarse 

module is a passive attenuator with eight settings and 

attenuations between the gains of 0 dB to 17.5 dB, in steps of 

2.5dB [8].  

There exists another serious limitation that is associated with 

the high speed data transmission using the optical based 

communication i.e. the availability of the required I/O 

bandwidth. One of the promising solutions to this problem is 

the use of optical inter-chip communication links. The 

negligible frequency dependent loss of optical channels 

provides the potential for optical link designs to fully 

leverage increased data rates provided through CMOS 

technology scaling without excessive equalization 

complexity.  

In order to make the use of the optical interconnects as the 

viable alternatives so as to establish the electrical links, they 

must be low cost and have competitive energy (mW/(Gb/s)) 

and area efficiency metrics. Also, these optical transceivers 

often neglect the power required for data de-serialization and 

clock generation/recovery, leading to an incomplete 

comparison against electrical link systems. The required 

improvements in cost, area, and energy efficiency motivate 

an increased level of integration, combining the optical 

front-ends with the data serialization and clocking circuitry 

[9-12].  

II. TRANSCEIVER DESIGN CONFIGURATION 

 
 

Fig. 5 Transceiver module [13] 

The detailed schematic block diagram of the transceiver is 

shown in above figure 5. This system has been sub-divided 

into optical and electrical block. The optical block consists of 

a transmitter optical sub-assembly (TOSA) and a receiver 

optical subassembly (ROSA). The commercial un-cooled 

Fabry Perot (FP) TOSA is a multi-rate 1310 nm direct 

modulated source laser that is packaged within an LC 

receptacle transmitter optical sub-assembly [14].  

On the other hand, the 

commercial receiver optical 

sub-assembly (ROSA) 

integrates a 2.5-Gbps PIN 
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Photodiode and a low noise trans-impedance amplifier (TIA) 

into a hermetic TO stem. The PIN is composed of an InGaAs 

absorption layer, thus it is suitable for 1310-nm applications 

[15].  

The electrical block is further categorized into two 

subsections, namely the transmitter and the receiver sections. 

The transmitter portion contains a laser diode driver (LDD) 

that is developed using 0.18µm CMOS technology. The LDD 

requires a 1.8V and 3.3V supply voltage.  

It can modulate laser diodes up to 20 mA and can supply bias 

current up to 30 mA. The LDD is designed to operate up to 

2.5-Gbps; with a rise and fall time of about 180 ps. The 

achievable extinction ratio with this driver is 8dB. The LDD 

can function in both continuous burst modes, simply by 

varying the input level [16 - 18].  

 
Fig. 6 Optical Transceiver Architecture [19]. 

 

One of the most dominant module of the opto-transreciever 

architecture is the optical interconnect module as shown in 

figure 6. Now in order to enable the short bit periods of the 

signal without consuming excessive area and power in clock 

generation and distribution, multiple clock phases are 

employed so as to create a multiplexing architecture at both 

the transmitter and receiver.  

At the transmitter side, a supply-regulated ring oscillator is 

used in the frequency synthesis phase-locked loop (PLL) in 

order to provide five sets of the complementary clock phases 

spaced a bit period apart which switch a five-to-one 

multiplexer, which enables the 16 Gb/s serial data stream to 

be produced with only 3.2 GHz clock phases [20]. This 

multiplexed serial output is in turn buffered by the VCSEL 

driver output stage, which consists of a four-tap 

current-mode FIR filters that equalizes the VCSEL response 

at high data rates.  

At the receiver side, a low-voltage integrating and 

double-sampling front-end performs data demultiplexing 

directly at the input node using five uniform clock phases 

from the clock and data recovery (CDR) system. The clock 

recovery is performed with a dual-loop architecture which 

employs baud rate phase detection and feedback 

interpolation to achieve reduced power consumption.  

High-precision phase spacing is ensured at both the 

transmitter and receiver through adjustable delay clock 

buffers applied independently on a per-phase basis that 

compensates for circuit and interconnect mismatches [21]. 

III. VCSEL TRANSMITTER 

The total VCSEL bandwidth is limited by a combination of 

electrical parasitic and the electron–photon interaction 

dynamics. The laser diode’s dominant electrical time 

constant comes from the bias-dependent junction RC, with 

the dominant junction capacitor value typically between 

0.5–1 pF for 10 Gb/s class 850 nm VCSELs [22].  

In addition to the bias-dependent junction resistance, there 

exists a significant series resistance due to the large number 

of distributed Bragg reflector (DBR) mirrors used for high 

reflectivity, with a total device series resistance typically 

between 50 to 150 Ω [23]. Its optical bandwidth is regulated 

by two coupled differential equations which describe the 

electron–photon interaction.  

It has been derived from these rate equations, the VCSELs 

relaxation oscillation frequency ωR, which is proportional to 

the effective bandwidth, is directly proportional to the square 

root of the injected current above the threshold current ITH. 

 

R THI I                         (1) 

 

On combining an electrical parasitic model with the optical 

rate-equation model, it yields the total frequency response of 

a 20 Gb/s class VCSEL. The output power saturation due to 

self-heating and also device lifetime concerns restrict 

excessive increase of VCSEL average current levels to 

achieve higher bandwidth. VCSEL reliability potentially 

poses a series impediment to very high-speed modulation, as 

the mean time to failure (MTTF) is [24 – 25] 
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where A is a proportionality constant dependent on the type 

of interconnect, j is device current density, EA is the 

activation energy (typically 0.7 eV), and Tj is the junction 

temperature [26]. The conflicting dependencies of VCSEL 

bandwidth and reliability on device current yield the 

following steep tradeoff [27]: 
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Thus, in order to ease this tradeoff, an equalizing FIR output 

stage is used to extend the data rate for a given average 

current. While the VCSEL’s varying frequency response 

with current limits the performance of a linear equalizer for 

large signal modulation, the frequency response variations 

diminish with increasing average current due to the square 

root relationship and a linear equalizer is effective in 

canceling inter symbol interference (ISI).  

Due to the front-end’s integrating nature, the receiver 

sensitivity is a strong function of the bit period, total input 

capacitance Cin, and photodiode responsivity (ρ). The 

receiver sensitivity can be expressed as [28 - 30]: 
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                               (4) 

 

where Pavg is the minimum average optical power that 

generates the integrating current per bit Ib sufficient for a 

given bit error rate (BER) [31]. The input capacitance 

consists of 
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int 2in pd sC C C nC                              (5) 

 

where Cpd is the photo detector capacitance, Cint is the input 

interconnects capacitance, and Cs is the total hold 

capacitance for each sampler. It has been noted that while 

only half the samplers are active at one time, thus, it includes 

the factor of 2Cs which accounts for the equal number of 

phase samplers required for the clock recovery system.  

The required ∆Vb is set by input referring the sum of the 

residual sense amplifier offset after correction (Voffset) and the 

voltage necessary for the sense amplifier to correctly resolve 

at a given data rate (Vmin). In addition, a minimum signal-to- 

noise ratio (SNR) must be maintained in order to achieve a 

given BER and the interference associated with the average 

current variation (V∆Iavg) must be accounted. Combining 

these terms results in a total minimum voltage swing per bit 

of the system [32] i.e. 

 

minb n offset IavgV SNR V V V            (6) 

 

where σ
2

n is the total input voltage noise variance which is 

computed by input referring the receiver segment circuit 

noise and the effective clock jitter noise. The basic 

contribution to the input referred circuit noise is the sense 

amplifier, buffer, and samplers in the receiver segments. The 

sense amplifier is modeled as a sampler with gain and has an 

input referred voltage noise variance of [33] 
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Here CA is the internal sense amplifier node capacitance 

which is set to approximately 40 fF in order to obtain 

sufficient offset correction range. The sense amplifier gain, 

Avsa, is estimated to be equal to near unity for the 0.9 V 

common-mode input level set by the buffer output, resulting 

in a sense amplifier voltage noise sigma of 0.45 mVrms. And 

the buffer input referred voltage noise variance is equal to 

[34] 
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where γ and gm are the input nMOS excess noise coefficient 

and transconductance, RD is the resistor load, and NBW is the 

noise bandwidth. A 250 µA tail current provides sufficient 

transistor transconductance to achieve a buffer voltage noise 

sigma of 1.03 mVrms and a bandwidth of 14 GHz. The 

sampler voltage noise variance is equal to [35] 

2 2
s
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kT
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where the factor of two is due to the receiver segments’ 

double-samplers which generate the differential input 

voltage to the buffer. Here Cs is approximately 10 fF, with 

55% due to the buffer input capacitance and 45% due to 

sampler and interconnect capacitance.  

This results in an input sampler voltage noise sigma of 0.92 

mVrms. The clock jitter also has an impact on the receiver 

sensitivity because any deviations from the ideal sampling 

time results in a reduced double-sampled differential voltage. 

This timing inaccuracy is mapped into an effective voltage 

noise on the integrated input signal with a variance of [36] 
2

2 2j
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b
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                             (11) 

which provides the measured clock jitter which is estimated 

at 0.65 mVrms. On combining the input referred circuit noise 

and effective clock jitter noise results in a total input noise 

sigma of 1.59 mVrms [37]. 

 

2 2 2 2

n sa buf s clk                         (12) 

 

IV. EXPERIMENTAL AND SIMULATION RESULT 

ANALYSIS 

The below figure 7 shows the plot of the frequency along with 

the normalized gain of the VCSEL transreciever. It has been 

observed that with the use of the proper modeled parameters 

the simulation results of the adopted architecture provide 

satisfactory results.  

 

Fig. 7 Modeled 10 Gb/s class VCSEL Frequency 

Response [40]. 

The below figure 8 shows the plot of the average current and 

the maximum data rate flow of the VCSEL transreciever. It 

has been observed that with the use of the proper modeled 

parameters the simulation results of the adopted architecture 

provide satisfactory results.  

 

Fig. 8 VCSEL Transmitter Maximum Data Rate Versus 

Average Current. 

The below figure 9 shows the 

plot of the phase and the phase 
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offered of the VCSEL transreciever. It has been observed that 

with the use of the proper modeled parameters the simulation 

results of the adopted architecture provide satisfactory 

results.  

 

Fig. 9 Receiver clock phase correction performance. 

The below figure 10 shows the plot of the data rate and the 

receiver’s sensitivity of the VCSEL transreciever. It has been 

observed that with the use of the proper modeled parameters 

the simulation results of the adopted architecture provide 

satisfactory results.  

 

Fig. 10 Measured integrating receiver sensitivity versus 

data rate. 

The below figure 11 shows the plot of the optical 

transreciever power and the data rate of the VCSEL 

transreciever. It has been observed that with the use of the 

proper modeled parameters the simulation results of the 

adopted architecture provide satisfactory results.  

 

Fig. 11 Optical transceiver power versus data rate. 

The experiments has been carried out for testing the data 

transfer at quite high speed by using the opto-transreciever 

and with the help of the modeled parameters as shown in the 

below tables I. 

 

TABLE I 

Receiver sensitivities and margins over requirements of the 

10gbase-lrm standard [38] 

V. CONCLUSION 

This work demonstrates the integration of 0.18um chip on 

board CMOS ICs on standard SFP transceiver to attain a low 

cost optical transceiver that is targeted to operate up to 

2.5-Gbps. The transceiver exploited the due to its small size 

and hot-pluggable feature. The transmitter is able to output 

around -2dBm of optical power and achieving up to 8dB 

extinction ratio at room temperature. The receiver has 

proven to achieve a sensitivity of -22dBm with BER 10-11. 

Further work is being carried out for future developments on 

the burst-mode features of the CMOS ICs.  
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