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Abstract 

This paper presents an optical receiver system for 40 Gbps communication applications in 32 nm 

carbon nanotube field-effect transistor (CNTFET) technology. The architecture consists of a 

modified regulated cascode (MRGC)-based transimpedance amplifier (TIA), followed by 

limiting amplifiers (LAs). The TIA is designed using the 𝑔𝑚 𝐼𝐷⁄  methodology to optimize 

performance and power efficiency. 

   Simulation results indicate that the modified TIA achieves a transimpedance gain of 56.6 dBΩ, 

a −3 dB bandwidth of 28 GHz, an input-referred noise current of 14 pA/√Hz, and a power 

consumption of only 177 µW. The TIA is fully transistor-based and occupies a compact 2240 nm 

× 1216 nm chip area. The LA stage provides a voltage gain of 10.3 dB, a bandwidth of −3 dB at 

32 GHz, and power consumption of 382 µW, in an area of 11.14 µm². The optical receiver 

system demonstrates a transimpedance gain of 86.9 dBΩ, a −3 dB bandwidth of 34.2 GHz, total 

power consumption of 1387 µW, and occupies a chip area of 48.40 µm². All simulations are 

performed at a supply voltage of ±0.45 V, with the photodiode and load capacitors set to 10 fF. 

The gain, bandwidth, and input-referred noise characteristics of the TIA are derived analytically 

and discussed using the 𝑔𝑚 𝐼𝐷⁄  design methodology. Both analytical and simulation results 

confirm the suitability of the topology as a low-power optical receiver for next-generation 

communication systems. 
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1. Introduction 

 

The optical communication system, illustrated in Figure 1, 

comprises three primary components. In the transmitter 

section, a laser diode modulates the input electrical data 

onto an optical carrier. The modulated optical signal is then 

transmitted through an optical fiber to the receiver section, 

where a photodiode detects the incoming optical signal and 

converts it into a photocurrent [1]. This photocurrent is  

then converted to a voltage signal by a TIA and further 

amplified by an LA to levels suitable for digital processing 

[2]. 
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Figure 1. Block diagram of the optical communication system [2] 
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   TIAs are critical components in optical receivers, with 

various architectural implementations, each offering 

different advantages and limitations. This article focuses 

on the design considerations and optimization of the TIA. 

Several circuit topologies have been proposed, including 

the following: 
 

   The inverter-based TIA provides high transconductance 

and low input impedance, but suffers from limited 

bandwidth [3]. The cascaded-inverter TIA provides 

improved gain, bandwidth, and noise performance 

compared to conventional inverter-based designs, though 

at the expense of significantly higher power consumption 

[4]. The fully differential TIA offers benefits such as 

common-mode noise rejection, improved linearity, high 

gain, and wide bandwidth; nevertheless, these advantages 

come at the expense of higher power dissipation [5]. 

   The resistive-feedback TIA is known for its simplicity, 

ease of implementation, and low noise characteristics. 

Even though its high-frequency performance is limited by 

parasitic capacitance at the input node, and its stability can 

be a concern under certain conditions [6]. Similarly, the 

common-gate TIA provides design simplicity but is limited 

in bandwidth due to low input impedance and parasitic 

capacitance effects [2].  

   Among these, the RGC-based TIA offers several 

advantageous characteristics, including low input 

impedance, wide output voltage swing, and high output 

impedance, which have received considerable research 

attention [7]. In this work, the modified RGC-based TIA is 

employed as the core amplification stage. However, its 

bandwidth remains an important limitation. 

   The choice of an appropriate TIA architecture is 

primarily driven by application-specific requirements, 

including gain, bandwidth, noise performance, and power 

consumption. To ensure proper operation, the TIA 

bandwidth is typically designed to be approximately 70% 

of the target data rate [8]. To address the inherent 

bandwidth limitations, several enhancement techniques 

have been developed. 

   Stagger tuning improves the frequency response by 

incorporating passive inductors [9], while T-coil peaking 

employs coupled inductors to extend the bandwidth [10]. 

However, both techniques require a considerable area due 

to passive component integration. The Cherry–Hooper 

technique increases bandwidth through local feedback, but 

requires a high supply voltage for proper operation [2,11]. 

   Moreover, the degeneration capacitor technique 

improves bandwidth by introducing a zero that shifts the 

output pole to higher frequencies [12]. Nevertheless, it 

comes at the cost of an increase in thermal noise due to the 

resistive components. The fT doublers technique improves 

bandwidth by reducing the effective input capacitance,  

 

although it results in increased power consumption [13]. 

Similarly, the negative capacitance technique extends the 

bandwidth, but its effectiveness is constrained by practical 

limits on the sizing of feedback capacitors at the output 

node [14].  

   A particularly promising method is the active inductor 

technique, which synthesizes an inductive behavior at the 

output node. This approach resonates with the load 

capacitance to mitigate bandwidth limitations, providing a 

power-efficient solution without requiring additional 

power consumption [15]. Given the emphasis on low 

power consumption in this work, the active inductor 

approach is adopted to achieve the desired bandwidth 

enhancement. 

   Since the signals generated by TIAs generally exhibit 

low amplitude, an LA is employed to amplify these signals 

to levels suitable for subsequent digital processing. The 

gain of the LA must be sufficiently high to suppress noise 

contributions from preceding stages. Additionally, the 

bandwidth is a critical design parameter.  When two LA 

stages with identical bandwidths are cascaded, the overall 

small-signal bandwidth is reduced. To mitigate this effect 

and maintain system performance, each LA stage is 

typically designed with a bandwidth of approximately 80% 

of the target data rate. 

   In addition to gain and bandwidth, the input-referred 

noise of the LA is another important design consideration, 

since LAs with wide bandwidths tend to introduce higher 

integrated noise. The total input-referred noise current of 

the cascaded TIA-LA system can be characterized by the 

noise bandwidths of the TIA and LA, denoted as (𝐵𝑇) and 

(𝐵𝐿), respectively, as expressed by: 𝐼𝑛,𝑖𝑛,𝑡𝑜𝑡
2̅̅ ̅̅ ̅̅ ̅̅ ̅ = 𝐼𝑛,𝑇

2̅̅ ̅̅ 𝐵𝑇 +

(𝑉𝑛,𝐿
2̅̅ ̅̅ ̅𝐵𝐿 𝑅𝑇

2⁄ ) where, 𝐼𝑛,𝑇  is the input-referred noise current 

of the TIA, 𝑉𝑛,𝐿 is the input-referred noise voltage at the 

LA input, and 𝑅𝑇  is the transimpedance gain of the TIA or 

LA. To minimize the second term in the total noise 

expression, it is essential to reduce 𝑉𝑛,𝐿 as much as possible 

[2]. As electronic devices scale into the nanometer regime, 

conventional metal–oxide–semiconductor field-effect 

transistor (MOSFET) technology faces critical limitations. 

These challenges include significant short-channel effects, 

increased leakage currents, high electric field effects, 

lithographic constraints, and quantum confinement 

phenomena [16-18]. 

   In contrast, CNTFETs have emerged as a promising 

alternative due to the exceptional electrical and structural 

properties of carbon nanotubes [19]. CNTFETs offer 

several advantages over traditional MOSFETs that position 

them as strong candidates for next-generation 

nanoelectronic applications. These advantages include: a 

high dielectric constant [20], superior gate electrostatic 

control [21], and symmetric, high carrier mobility in both  

 

https://doi.org/10.57647/spre.2026.1001.02


12 

10.57647/spre.2026.1001.02 

     Zamani et al., Signal Process. Renew. Energ., 10(1) 2026 
 

n-type and p-type devices [22,23]. 

   In addition, CNTFETs exhibit ballistic transport without 

carrier scattering [24], high transconductance, high on/off 

current ratios [25], excellent thermal conductivity [26], and 

tunable threshold voltages [21]. Furthermore, the intrinsic 

electrical and thermal conductivities of CNTs contribute to 

improved performance at the device-level and circuit-level 

[27].  

   Despite these promising characteristics, CNTFET 

technology faces challenges; notably, fabrication 

complexity and sensitivity to structural defects in CNTs, 

which can negatively affect device reliability and 

manufacturing yield [28]. However, the structural and 

operational similarities between CNTFETs and 

conventional MOSFETs provide compatibility with 

existing CMOS fabrication processes. This compatibility 

allows the reuse of established MOSFET design 

methodologies, tools, and infrastructure, significantly 

lowering implementation barriers [29-31]. 

   This paper is organized as follows: Section 2 describes 

the architecture and design methodology of the modified 

TIA, LA, and optical receiver topologies. The active 

inductor technique is introduced as a bandwidth 

enhancement strategy, and the input-referred noise of the 

modified TIA is analyzed through its equivalent noise 

circuit model. Section 3 details the 𝑔𝑚 𝐼𝐷⁄  design 

methodology and demonstrates its application in 

optimizing the gain, bandwidth, and input-referred noise 

performance of the modified TIA. Analytical derivations 

and corresponding simulation results are provided to 

validate the approach. In Section 4, simulation results for 

the amplifiers and optical receiver are presented and 

compared with previously published designs operating at 

the 40 Gbps data rate. Section 5 concludes the paper. 

 

2. Modified circuit architecture and design 
 

2.1. Conventional RGC-based TIA topology 

 

In TIA circuit design, the common-gate (CG) topology is 

widely used due to its inherently low input resistance, 

which allows for efficient current signal transfer from the 

photodetector to the amplifier while minimizing power 

dissipation across the source impedance [32]. As shown in 

Figure 2, incorporating a gain boosting stage—typically 

through a common-source (CS) amplifier—into the CG 

topology results in the RGC configuration. This structure 

further reduces the input impedance and increases the 

bandwidth of the amplifier. 

   Moreover, single-stage amplifiers offer advantages such 

as simplified design and the elimination of frequency 

compensation requirements [33]. 

   The gain-boosting technique enhances the effective 

conductance of the transistor, thereby increasing the 

transconductance of the CG transistor by a factor 

proportional to the voltage gain of the CS amplifier, 

expressed as (1 + 𝐴𝑣,𝐶𝑆).  

   For the RGC-based TIA operating in the mid-band 

frequency range, the input impedance is defined by [7]: 

 

𝑅𝑖𝑛 ≈
𝑟𝑑𝑠2

1 + 𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5))𝑟𝑑𝑠2 
 (1) 

 

A comparison between the input impedance of the RGC 

amplifier and a conventional CG amplifier shows a 

significant reduction, approximately by a factor of 

(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)). This reduction implies that the 

dominant pole of the amplifier is no longer located at the 

input node [34]. 

   Based on the small-signal analysis of the conventional 

RGC structure, the low-frequency transimpedance gain is 

given by Eq. (2). 

   However, the RGC architecture introduces an 

operational constraint: the drain–source voltage of CNT1 

must remain greater than or equal to the threshold voltage 

of CNT4 to ensure proper operation of the feedback loop. 

Additionally, because the input pole of the RGC amplifier 

typically resides in the low-frequency region [34], 

bandwidth enhancement techniques are often required to 

relocate the dominant pole to the output node. Assuming 

the output pole dominates, the −3 dB bandwidth can be 

approximated as: 

 

𝑓−3𝑑𝐵 ≅
1

2𝜋𝐶𝑜𝑢𝑡
×

1

𝑅𝑜𝑢𝑡
= 

 (3) 

 
1

2𝜋(𝐶𝐿 + 𝐶𝑑𝑔3 + 𝐶𝑑𝑏3 + 𝐶𝑑𝑔2 + 𝐶𝑑𝑏2)
× 

 
1

[𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5))𝑟𝑑𝑠2𝑟𝑑𝑠1]‖𝑟𝑑𝑠3
 

 
𝑖𝑓 𝑟𝑑𝑠3≪𝑔𝑚2(1+𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5))𝑟𝑑𝑠2𝑟𝑑𝑠1
→                                 

 ≈
1

2𝜋𝐶𝐿𝑟𝑑𝑠3
 

 

where 𝑅𝑜𝑢𝑡 and 𝐶𝑜𝑢𝑡 are the effective output resistance and 

capacitance, respectively. 
 

(2) 𝑍𝑇 =
𝑉𝑜𝑢𝑡
𝐼𝑃𝐷

=
[(𝑔𝑚2 +

1
𝑟𝑑𝑠2

) + 𝑔𝑚2𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)]

(
1
𝑟𝑑𝑠2

+
1
𝑟𝑑𝑠3

) [(𝑔𝑚2𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)) + (𝑔𝑚2 +
1
𝑟𝑑𝑠1

+
1
𝑟𝑑𝑠2

)] −
1
𝑟𝑑𝑠2

[(𝑔𝑚2 +
1
𝑟𝑑𝑠2

) + 𝑔𝑚2𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)]
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   Furthermore, the input-referred noise current of the 

conventional RGC structure is given by: 

 

𝐼𝑛,𝑖𝑛
2  = 𝐺𝑖𝑛

2 × 𝑉𝑛,𝑖𝑛
2  

(4)  = (
1

𝑅𝑖𝑛
2 + 𝐶𝑖𝑛

2 𝜔2)× 

 4𝐾𝑇𝛾
(𝑔𝑚2[𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5) + 1] + 𝑔𝑚3)

(𝑔𝑚2[𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5) + 1])
2

 

 

 

In Eq. (4), 𝑅𝑖𝑛 is defined as in Eq. (1), and the total input 

capacitance, 𝐶𝑖𝑛, is given by the sum of (𝐶𝑃𝐷 + 𝐶𝑑𝑔1 +

𝐶𝑑𝑏1 + 𝐶𝑠𝑔2 + 𝐶𝑠𝑏2). 

 

2.2. Modified Transimpedance Amplifier 

 

The MRGC-based TIA is illustrated in Figure 3, 

comprising transistors CNT1 through CNT5. This design 

incorporates a pass-transistor structure along anactive 

inductor technique to enhance bandwidth performance. In 

this configuration, CNT7 operates as a pass transistor to 

increase the gate voltage of CNT4, thus ensuring its proper 

operation. The active inductor is implemented using 

transistors CNT8 and CNT9, where CNT8 functions as a 

resistive element and provides the required bias voltage for 

CNT9. This active inductor is connected to the output 

node, forming a resonant network with the equivalent 

output capacitance. As a result, the overall −3 dB 

bandwidth of the circuit is effectively extended. To 

minimize power consumption, the TIA is a single-stage 

amplifier. Moreover, the use of active components 

contributes to reduced chip area. 

   The small-signal equivalent model and the frequency-

dependent output impedance of the active inductor are 

depicted in Figure 4 [15]. 
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Figure 2. Conventional RGC-based TIA [33] 
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Figure 3. The MRGC-based TIA topology 
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Figure 4. Active inductor implementation: (a) small-signal equivalent 

model, and (b) frequency-dependent output impedance [15] 

 

The output impedance at the node indicated in Figure 4(a) 

is expressed as [15]: 

 

(5) 𝑍𝑂𝑈𝑇 =
𝑟𝑑𝑠8 𝐶𝑔𝑠9 𝑆 + 1

𝐶𝑔𝑠9 𝑆 + 𝑔𝑚9
 

 

The zero and pole introduced by the active inductor 

configuration are given by [15]: 

(6) 𝜔𝑧 = −
1

𝑟𝑑𝑠8 𝐶𝑔𝑠9
 

 

(7) 𝜔𝑝 = −
𝑔𝑚9
𝐶𝑔𝑠9 

 

 

At low frequencies, 𝐶𝑔𝑠9 exhibits high impedance and 

effectively behaves as an open circuit, causing CNT9 to 

operate in a diode-connected configuration. Under these 

conditions, the output impedance is approximately 𝑍𝑂𝑈𝑇 ≈

1 𝑔𝑚9⁄ . At high frequencies, 𝐶𝑔𝑠9 provides a low-

impedance path, effectively AC-grounding the gate of 

CNT9. As a result, the output impedance becomes 

dominated by 𝑍𝑂𝑈𝑇 ≈ 𝑟𝑑𝑠8. This frequency-dependent 

impedance behavior results in an active inductor whose 

impedance varies with frequency. When 1 𝑔𝑚9⁄ < 𝑟𝑑𝑠8, 

i.e., the zero frequency 𝜔𝑧 is less than the pole frequency 

𝜔𝑝, the circuit exhibits inductive characteristics in the 

frequency range 𝜔𝑧 < 𝜔 < 𝜔𝑝, as shown in Figure 4(b). 

The equivalent inductance in this frequency region is given 

by [15]: 
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𝐿𝑒𝑞 = (𝑟𝑑𝑠8 −
1

𝑔𝑚9
)
𝐶𝑔𝑠9
𝑔𝑚9

 (8) 

 
    𝑖𝑓 𝑟𝑑𝑠8≫1 𝑔𝑚9⁄     
→             =

𝑟𝑑𝑠8𝐶𝑔𝑠9
𝑔𝑚9

 

 

The small-signal equivalent circuit of the modified TIA 

topology is presented in Figure 5. 

   By applying KCL at the output node, the input node, the 

gate node of CNT4, and the gate node of CNT2, 

respectively, the following equations are obtained: 

 

𝑔𝑚9𝑉𝑔𝑠9 +
𝑉𝑜𝑢𝑡 −𝑉𝑔𝑠9
𝑟𝑑𝑠8

+
𝑉𝑜𝑢𝑡
𝑟𝑑𝑠3

   (9) 

+𝑔𝑚2(𝑉𝑔2 −𝑉𝑖𝑛) +
𝑉𝑜𝑢𝑡 −𝑉𝑖𝑛
𝑟𝑑𝑠2

= 0 

𝐼𝑃𝐷 +
𝑉𝑖𝑛
𝑟𝑑𝑠1

+
𝑉𝑖𝑛

(1 𝑔𝑚7⁄ )
= 𝑔𝑚2𝑉𝑔𝑠2 + 

  

(10) 

𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛
𝑟𝑑𝑠2

+ 𝑔𝑚7𝑉𝑔𝑠7 +
𝑉𝑔4 −𝑉𝑖𝑛
𝑟𝑑𝑠7

 

 

(11) 
𝑔𝑚7𝑉𝑔𝑠7 +

𝑉𝑔4 − 𝑉𝑖𝑛
𝑟𝑑𝑠7

+
𝑉𝑔4
𝑟𝑑𝑠6

= 0 

 

(12) 
𝑔𝑚4𝑉𝑔𝑠4 +

𝑉𝑔2
𝑟𝑑𝑠4

+
𝑉𝑔2
𝑟𝑑𝑠5

= 0 

 

By expressing 𝑉𝑔2 , 𝑉𝑔4 , and 𝑉𝑖𝑛  in terms of the output 

voltage using Equations (9), (11), and (12), and 

substituting them into the KCL expression at the input 

node, the output impedance gain of the modified topology 

can be derived as follows: 

Vout
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GND
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Figure 5. Small-signal equivalent circuit of the MRGC-based TIA 

topology 

 

To facilitate comparison with the conventional TIA gain 

(Eq. (2)), Eq. (13) is rewritten as Eq. (14), where (𝐴) =

(𝑔𝑚2 +
1

𝑟𝑑𝑠2
), (𝐵) = 𝑔𝑚2𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5), and (𝐶) =

(𝑔𝑚7 +
1

𝑟𝑑𝑠7
) (𝑟𝑑𝑠6‖𝑟𝑑𝑠7). 

 

If the coefficient 𝐶 > 1 and the conditions 2𝑔𝑚7 +
1

𝑟𝑑𝑠7
≪

(𝐴) + (𝐵)(𝐶) +
1

𝑟𝑑𝑠1
 and 𝑔𝑚9 ≪

1

𝑟𝑑𝑠2
+

1

𝑟𝑑𝑠3
 are satisfied, 

then the modified topology achieves a higher 

transimpedance gain than the conventional structure.  

Furthermore, the gain can be further increased by 

increasing the transconductance of the driver transistor and 

the output resistors of the circuit. Under these design 

conditions—and assuming that 𝑟𝑑𝑠5 and 𝑟𝑑𝑠6 are relatively 

small—Eq. (13) simplifies to the following approximate 

form: 

𝐺𝑎𝑖𝑛 = 𝑍𝑇 =
𝑉𝑜𝑢𝑡
𝐼𝑃𝐷

≈ 

(15) 𝑔𝑚2[1 + 𝑔𝑚4𝑔𝑚7𝑟𝑑𝑠5𝑟𝑑𝑠6]

𝑔𝑚9 [𝑔𝑚2𝑔𝑚4𝑔𝑚7𝑟𝑑𝑠5𝑟𝑑𝑠6 + 𝑔𝑚2 +
1
𝑟𝑑𝑠1

]
 

 

The frequency response of the modified topology is 

characterized by two poles and one zero. The input pole is 

given by: 

 

𝜔𝑝,𝑖𝑛 = −
1

𝑅𝑖𝑛𝐶𝑖𝑛
 (16) 

 

where, 𝑅𝑖𝑛 and 𝐶𝑖𝑛 are the equivalent input resistance and 

capacitance, respectively, defined in Equations (17) and 

(18). Based on the previous assumptions, they are 

simplified to: 

 

𝑅𝑖𝑛 = 𝑟𝑑𝑠1 ‖
1

𝑔𝑚7
‖
𝑟𝑑𝑠6 + 𝑟𝑑𝑠7
1 + 𝑔𝑚7𝑟𝑑𝑠7

‖ 

(17)  
(
1
𝑔𝑚9

‖𝑟𝑑𝑠3) + 𝑟𝑑𝑠2

1 + 𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5))𝑟𝑑𝑠2
 

 ≈
1

𝑔𝑚2(1+ 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5))
 

 

𝐶𝑖𝑛 = 𝐶𝑃𝐷 + 𝐶𝑑𝑔1 + 𝐶𝑑𝑏1 + 𝐶𝑠𝑔2 

(18) 

 +𝐶𝑠𝑏2 + 𝐶𝑠𝑔7 + 𝐶𝑠𝑏7 ≈ 𝐶𝑃𝐷 

The output pole, which acts as the dominant, is expressed 

as: 

    (19) 𝜔𝑝,𝑜𝑢𝑡 = −
1

𝑅𝑜𝑢𝑡𝐶𝑜𝑢𝑡
 

 

(13) 
𝑍𝑇 =

[(𝑔𝑚2+
1
𝑟𝑑𝑠2

)+ 𝑔𝑚2𝑔𝑚4 (𝑔𝑚7 +
1
𝑟𝑑𝑠7

)(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)(𝑟𝑑𝑠6‖𝑟𝑑𝑠7)]

[(𝑔𝑚9 +
1
𝑟𝑑𝑠2

+
1
𝑟𝑑𝑠3

)× ((𝑔𝑚2𝑔𝑚4 (𝑔𝑚7 +
1
𝑟𝑑𝑠7

)(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)(𝑟𝑑𝑠6‖𝑟𝑑𝑠7)) − (
1
𝑟𝑑𝑠7

(𝑔𝑚7+
1
𝑟𝑑𝑠7

)(𝑟𝑑𝑠6‖𝑟𝑑𝑠7)) + (𝑔𝑚2 + 2𝑔𝑚7+
1
𝑟𝑑𝑠1

+
1
𝑟𝑑𝑠2

+
1
𝑟𝑑𝑠7

))]−
1
𝑟𝑑𝑠2

[(𝑔𝑚2+
1
𝑟𝑑𝑠2

)+ 𝑔𝑚2𝑔𝑚4 (𝑔𝑚7 +
1
𝑟𝑑𝑠7

)(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)(𝑟𝑑𝑠6‖𝑟𝑑𝑠7)]
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where 𝑅𝑜𝑢𝑡 and 𝐶𝑜𝑢𝑡 denote the equivalent resistance and 

capacitance at the output node, respectively, calculated and 

   

simplified as follows:

 

𝑅𝑜𝑢𝑡 = [𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5))𝑟𝑑𝑠2 
(20) 

 × 𝑟𝑑𝑠1 ‖
1

𝑔𝑚7
‖
𝑟𝑑𝑠6 + 𝑟𝑑𝑠7
1 + 𝑔𝑚7𝑟𝑑𝑠7

] 

 ‖𝑟𝑑𝑠3‖
1

𝑔𝑚9
≈

1

𝑔𝑚9
 

 

𝐶𝑜𝑢𝑡 = 𝐶𝐿 + 𝐶𝑑𝑔9 + 𝐶𝑑𝑏9 + 𝐶𝑑𝑔8 + 𝐶𝑑𝑏8 

(21) 

 +𝐶𝑑𝑔3 + 𝐶𝑑𝑏3 + 𝐶𝑑𝑔2 + 𝐶𝑑𝑏2 ≈ 𝐶𝐿 

 

Accordingly, the −3 dB bandwidth of the amplifier is given 

by 𝑓−3𝑑𝐵 = 𝜔𝑝,𝑜𝑢𝑡 2𝜋⁄ . Assuming the same effective load 

capacitance 𝐶𝐿 for both conventional and modified 

topologies, the modified TIA achieves a higher bandwidth 

if 1 𝑔𝑚9⁄ ≪ 𝑟𝑑𝑠3, where 𝑟𝑑𝑠3 is the output resistance in the 

conventional structure. 

   A fundamental design consideration is the trade-off 

between gain and bandwidth. Specifically, increasing 𝑔𝑚9 

enhances the bandwidth but reduces the gain, and vice 

versa. To address this trade-off effectively, allocating more 

power to increase 𝑔𝑚2—the transconductance of the driver 

transistor—can improve gain, while bandwidth can be 

tuned by optimizing the design of transistors CNT8 and 

CNT9. 

   To evaluate the input-referred noise performance, the 

thermal noise equivalent circuit of the MRGC-based TIA 

is shown in Figure 6. The input-referred noise, is defined 

as the degree to which internally generated noise within the 

circuit mask the input signal, thereby setting the minimum 

detectable signal level for a given signal-to-noise ratio 

(SNR). As this parameter cannot be directly measured at 

the input, it is derived analytically using Eq. (22) [33]. 

 

(22) 𝐼𝑛,𝑖𝑛
2 = 𝐺𝑖𝑛

2 𝑉𝑛,𝑖𝑛
2  

 

The output thermal noise voltage is given by 𝑉𝑛,𝑜𝑢𝑡
2 =

𝐼𝑛,𝑜𝑢𝑡
2 × |𝑅𝑜𝑢𝑡|

2, where 𝑅𝑜𝑢𝑡 = 1 𝑔𝑚9⁄ . The total output 

thermal noise current, is given by Eq. (23). 
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Figure 6. Thermal noise equivalent circuit of the MRGC-based TIA 

 

𝐼𝑛,𝑜𝑢𝑡
2  = 𝐼𝑛,𝐶𝑁𝑇2

2 + 𝐼𝑛,𝐶𝑁𝑇3
2 + 𝐼𝑛,𝐶𝑁𝑇8

2 + 𝐼𝑛,𝐶𝑁𝑇9
2  

(23) 
 = 4𝐾𝑇𝛾𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)) + 

 4𝐾𝑇𝛾𝑔𝑚3 + 4𝐾𝑇𝛾𝑔𝑚8 + 4𝐾𝑇𝛾𝑔𝑚9 ≈ 

 4𝐾𝑇𝛾[𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)) + 𝑔𝑚9] 

 

Therefore, the output thermal noise voltage contributions 

from both the driver and the load transistors, and can be 

expressed as: 

 

(24) 

𝑉𝑛,𝑜𝑢𝑡
2 = 𝐼𝑛,𝑜𝑢𝑡

2 × |𝑅𝑜𝑢𝑡|
2 = 

4𝐾𝑇𝛾[𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)) + 𝑔𝑚9]
1

𝑔𝑚9
2  

 

The input-referred thermal noise voltage is then calculated 

using 𝑉𝑛,𝑖𝑛
2 = 𝑉𝑛,𝑜𝑢𝑡

2 𝐴𝑣
2⁄ , where 𝐴𝑉 denotes the voltage 

gain of the amplifier. For the modified topology, an 

approximate expression for 𝐴𝑉 is given by: 

 

(25) 

=
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

= 𝑔𝑚,𝐷𝑟𝑖𝑣𝑒𝑟 × 𝑅𝐿𝑜𝑎𝑑  |𝐴𝑉| 

≈ 𝑔𝑚2(1+ 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)) ×
1

𝑔𝑚9
  

 

Substituting into the following equation gives the input-

referred noise voltage as [33]: 

 

(26) 

=
𝑉𝑛,𝑜𝑢𝑡
2

𝐴𝑣
2
= 4𝐾𝑇𝛾 × 𝑉𝑛,𝑖𝑛

2  

[𝑔𝑚2(1 + 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5)) + 𝑔𝑚9]

[𝑔𝑚2(1+ 𝑔𝑚4(𝑟𝑑𝑠4‖𝑟𝑑𝑠5))]
2   

 

 

(14) 
𝑍𝑇 =

(𝐴) + (𝐵)(𝐶)

[(𝑔𝑚9 +
1
𝑟𝑑𝑠2

+
1
𝑟𝑑𝑠3

) ((𝐴) + (𝐵)(𝐶) +
1
𝑟𝑑𝑠1

+ 2𝑔𝑚7 +
1
𝑟𝑑𝑠7

)] − [
1
𝑟𝑑𝑠2

((𝐴) + (𝐵)(𝐶))+ (𝑔𝑚9 +
1
𝑟𝑑𝑠2

+
1
𝑟𝑑𝑠3

) (
1
𝑟𝑑𝑠7

(𝐶))]
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Finally, the input-referred noise current is then obtained 

using: 

 

 (27) 𝐼𝑛,𝑖𝑛
2 = 𝐺𝑖𝑛

2 𝑉𝑛,𝑖𝑛
2 = (

1

𝑅𝑖𝑛
2 + 𝐶𝑖𝑛

2 𝜔2)𝑉𝑛,𝑖𝑛
2  

 

To assess the improvement in noise performance, the 

input-referred noise current of the modified topology (Eq. 

28) is compared to that of the conventional design (Eq. 4). 

Assuming identical effective input capacitance 𝐶𝑃𝐷 and 

that 𝑔𝑚3 ≈ 𝑔𝑚9, a significant noise reduction is observed. 

Notably, the input resistance of the modified amplifier is 

1 𝑔𝑚9⁄ ‖𝑟𝑑𝑠3 higher than that of the conventional 

architecture. This increased input resistance leads to a 

reduction of the conductance term 𝐺𝑖𝑛
2  within the input-

referred noise current expression, thereby effectively 

lowering the overall input-referred noise. 

 

2.3. Limiting Amplifier Stage 

 

To achieve the required gain in the optical receiver system, 

three conventional LA stages are cascaded, as illustrated in 

Figure 7, which presents both the block diagram and the 

circuit-level implementation. 

   Each LA stage utilizes a conventional differential 

amplifier topology incorporating active inductor loads, as 

shown in Figure 7(b). At low frequencies, the voltage gain 

of each LA stage can be approximated by: 

 

(28) 𝐴𝑉 =
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

= −𝑔𝑚1 × (𝑟𝑑𝑠1‖
1

𝑔𝑚3
) 

1.1 Optical Receiver System 

The architecture of the optical receiver is depicted in 

Figure 8. It consists of two TIAs based on the MRGC 

topology, followed by three cascaded LA stages. The two 

MRGC-based TIA blocks employ a fully differential 

configuration to suppress common-mode noise, thereby 

reducing the overall noise of the optical receiver system. 

This design approach is widely recognized as an 

architecture for low-noise optical receivers [2]. 
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Figure 7. (a) Block diagram and (b) circuit-level implementation of the 

three-stage cascaded limiting amplifier 
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Figure 8. Block diagram of the low-noise optical receiver system 

employing the MRGC-based TIA followed by three cascaded LA stages 

[2] 

 
3. 𝒈𝒎 𝑰𝑫⁄  Design Methodology 

 

The 𝑔𝑚 𝐼𝐷⁄  design methodology is a well-established and 

widely adopted approach in analog integrated circuit 

design. In this technique, the ratio of the transistor’s 

transconductance (𝑔𝑚) to its drain current (𝐼𝐷) is 

employed as a key design parameter to optimize 

performance characteristics, particularly in amplifier 

design [35]. This methodology provides several 

advantages, including: (1) reducing the number of design 

variables, (2) enabling systematic performance 

optimization, and (3) effectively balancing trade-offs 

between circuit performance and power consumption [36].  

While extensively validated in analog MOSFET-based 

designs, this methodology presents distinct challenges 

when applied to CNTFET technologies. Unlike 

conventional MOSFETs, which support continuous scaling 

of the channel width, CNTFETs exhibit quantized width 

characteristics determined by the number of nanotubes, the 

spacing between nanotubes, and the diameter of the 

nanotubes [37]. 

   Figure 9 presents the proposed 𝑔𝑚 𝐼𝐷⁄ -based design 

flowchart for the modified TIA, outlining the methodology 

used to achieve the target performance metrics, including 

gain, bandwidth, and input-referred noise. 

   The design process begins by selecting appropriate 

𝑔𝑚 𝐼𝐷⁄  ratio and drain current values for each CNTFET 

according to its pre-defined role and the design constraints 

listed in Table 1. These parameters are substituted into 

analytical expressions for gain, bandwidth, and input-

referred noise, all of which are formulated within the 

𝑔𝑚 𝐼𝐷⁄  framework. This design loop is iteratively executed 

until the required performance specifications are achieved. 

   After the design objectives are met, the bias voltages and 

number of nanotubes for each CNTFET are determined 

based on the required conductivity and current. The 

complete circuit is then simulated, and key performance 

metrics—including transistor operating regions, inductive 

peaking behavior, eye diagram characteristics, and total 

power consumption—are evaluated. If any metric deviates 

from the acceptable limits, the design parameters are 
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revised accordingly, and the process is repeated. 

Finalization occurs when the simulated results align with 

the established design targets.  

   The transimpedance gain, bandwidth, and input-referred 

noise of the MRGC-based TIA are reformulated using the 

𝑔𝑚 𝐼𝐷⁄  design methodology, as expressed in Equations 

(29)–(31): 

 

(29) 

𝐺𝑎𝑖𝑛 =

𝐼𝐷2 [
𝑔𝑚
𝐼𝐷
]
2
[1 + 𝐴 [

𝑔𝑚
𝐼𝐷
]
4
[
𝑔𝑚
𝐼𝐷
]
7
]

𝐼𝐷9 [
𝑔𝑚
𝐼𝐷
]
9

× 

1

[𝐴𝐼𝐷2 [
𝑔𝑚
𝐼𝐷
]
2
[
𝑔𝑚
𝐼𝐷
]
4
[
𝑔𝑚
𝐼𝐷
]
7
+ 𝐼𝐷2 [

𝑔𝑚
𝐼𝐷
]
2
+𝐵𝐼𝐷1]

 

 

Where 𝐴 = 1 𝜆5𝜆6⁄ , 𝐵 = 𝜆1, and 𝜆 = 1 𝑟𝑑𝑠𝐼𝐷⁄ . 

 

(30) 𝑓−3𝑑𝐵 =
1

2𝜋𝐶𝐿
× [
𝑔𝑚
𝐼𝐷
]
9

𝐼𝐷9 

 

The input-referred noise at low-frequency (i.e., as s→0) is 

given by: 

(31) 

𝐼𝑛,𝑖𝑛
2 = 4𝐾𝑇𝛾 × 

           [[
𝑔𝑚
𝐼𝐷
]
2

𝐼𝐷2 (1 + [
𝑔𝑚
𝐼𝐷
]
4

𝐶)+ [
𝑔𝑚
𝐼𝐷
]
9

𝐼𝐷9] 

where 𝐶 = 1 𝜆5⁄ . 

 

Table 1. Required and simulated 𝒈𝒎 𝑰𝑫⁄  values for transistors in the 

MRGC-based TIA 

 
Required  

value 

Simulated 

 (℧ 𝐴⁄ ) 

[𝑔𝑚 𝐼𝐷⁄ ]1 [3-9] 6.55 

[𝑔𝑚 𝐼𝐷⁄ ]2 [3-9] 7.62 

[𝑔𝑚 𝐼𝐷⁄ ]3 [0.05-3] 0.53 

[𝑔𝑚 𝐼𝐷⁄ ]4 [3-6] 4.24 

[𝑔𝑚 𝐼𝐷⁄ ]5 [0.05-3] 0.07 

[𝑔𝑚 𝐼𝐷⁄ ]6 [0.05-3] 0.18 

[𝑔𝑚 𝐼𝐷⁄ ]7 [3-6] 3.59 

[𝑔𝑚 𝐼𝐷⁄ ]8 [500-700k] 677k 

[𝑔𝑚 𝐼𝐷⁄ ]9 [6-9] 8.13 

 

Table 2. Comparison of required specifications, simulation results, 

and 𝒈𝒎 𝑰𝑫⁄  design parameters for the MRGC-based TIA 

 
𝐴𝑉 

(dBΩ) 

 𝑓−3𝑑𝐵  

(GHz) 

 IRN 

(𝐴 √𝐻𝑧⁄ ) 

Required value > 50 ≈ 28 < 20 p 

Simulated (TIA) 56.6 28.0 14 p 

𝑔𝑚 𝐼𝐷⁄  methodology 56.47 20.6 8 p 

 

   Table 1 summarizes the required parameter ranges and 

simulation results for each transistor in the MRGC-based 

TIA, obtained using the 𝑔𝑚 𝐼𝐷⁄  design methodology. 

   Table 2 presents a comparison of the required 

specifications, simulation results, and corresponding 

𝑔𝑚 𝐼𝐷⁄  design parameters. The simulation results 

demonstrate excellent agreement with the required 

specifications and the analytical equations using the 𝑔𝑚 𝐼𝐷⁄  

methodology. The bandwidth deviation observed is 

attributed to the low-frequency approximation used in the 

analytical bandwidth expression. 

 

Bias Tuning

CNT1-7:

Gm/ID , ID

Finish

Acceptable 

inductive peaking

CNT8-9:

Gm/ID , ID

Require value:            
ZT > 50dBΩ                 
BW ≈ 28GHz             

IRN < 20pA/√Hz

Simulation

Yes

No

a

Correct operating 

regions of all 

CNTFETs

Permitted 

discrepancy between 

the simulated and 

required values

Yes

Yes

Yes

No

No

Update design 
parameters

No

Start

Opening eye-

diagram

Yes

No

Low power 

consumption

Yes

No

 

Figure 9. Proposed 𝒈𝒎 𝑰𝑫⁄ -based design methodology 
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4. Simulation Results and Layout 

Implementation 
 

4.1. The Modified TIA 

 

The simulated frequency response of the MRGC-based 

TIA is illustrated in Figure 10. The amplifier achieves a 

transimpedance gain of 56.6 dBΩ and a −3 dB bandwidth 

of 28.0 GHz, with a power consumption of 177 μW. These 

performance levels are achieved using an active inductor 

technique, which enhances high-frequency operation 

without significantly increasing power consumption. 

   Figure 11 illustrates the input-referred and output noise 

characteristics of the modified TIA. As shown in Figure 

11(a), the input-referred noise is approximately 14 pA/√Hz 

at low frequencies and increases to 24 pA/√Hz at the −3 dB 

bandwidth. These results represent a 27% improvement 

over the best previously reported value and a 70% 

improvement relative to the worst reported value in Table 

5. 

   To evaluate signal integrity, eye diagram simulations 

were performed using a 27–1 NRZ PRBS at 40 Gbps. The 

input current amplitudes were set to 10 μA and 50 μA, with 

rise/fall times of 1 ps. As illustrated in Figure 12, for an 

input current of 10 μA, the vertical eye opening (ISI) is 

6.91 mV, and the horizontal eye opening (jitter) is 22.76 ps. 

For a 50 μA input, the ISI increases to 36.48 mV, while the 

jitter remains nearly constant at 22.95 ps. These results 

confirm that the modified TIA maintains a wide and clearly 

defined eye opening under varying signal conditions.  

   Monte Carlo simulations were conducted to analyze the 

effect of the threshold voltage (𝑉𝑡ℎ) variation in the 

amplifier’s performance. The 𝑉𝑡ℎ of each transistor was 

modeled as a gate-connected voltage source with a 

Gaussian distribution of ±5% around its nominal value 

[37]. A total of 200 simulations were performed. Figure 13 

presents the resulting variations in gain and bandwidth, 

including the frequency responses and corresponding 

histograms. 

   The layout of the modified TIA was implemented using 

CNTs with a chirality of (19,0), corresponding to a 

diameter of approximately 1.5 nm. The center-to-center 

distance between adjacent CNTs is 20 nm, and the edge 

distance of 10 nm beyond the outermost tubes. The 

effective gate width is defined as: 𝑊𝑔𝑎𝑡𝑒 = [𝑁 × (20𝑛𝑚 +

1.5𝑛𝑚)], where N is the number of CNTs per device. 

Assuming a gate length of 32 nm and a feature size of λ = 

16 nm, the normalized channel length becomes: 𝐿(𝜆 −

𝑏𝑎𝑠𝑒𝑑) = 32𝑛𝑚 16𝑛𝑚⁄ = 2. The number of CNTs and 

the λ-based gate widths for each transistor are listed in 

Table 3. 

   The layout occupies an area of 140λ × 76λ, equivalent to 

2240 nm × 1216 nm, as shown in Figure 14. 

 

4.2. The LA Stage 

Simulation results for the LA stage employing inductive 

loads show a voltage gain of 10.3 dB and a −3 dB 

bandwidth of 32.0 GHz, with a total power consumption of 

382 μW. The frequency response is depicted in Figure 15. 

   Each transistor in the LA stage is implemented with a 

normalized channel length of 2λ. The number of CNTs and 

corresponding gate widths in λ-based are detailed in Table 

4. 

   The LA layout occupies an area 573λ×76λ, which is 

equal to 9168 nm × 1216 nm, as illustrated in Figure 16. 
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Figure 10. Simulated frequency response of the MRGC-based TIA 

 

In
p

u
t 

R
e
fe

rr
ed

 N
o

is
e
 (

A
/√

 H
z
)

Frequency (Hertz)

(a)

14 pA/√Hz 24 pA/√Hz

 

O
u
tp

u
t 

N
o

is
e 

(V
/√

 H
z
)

Frequency (Hertz)

(b)

9 nV/√Hz

 

Figure 11. (a) Input-referred noise and (b) output noise of the MRGC-

based TIA 
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Figure 12. Eye diagrams of the MRGC-based TIA for (a) 10 μA and (b) 

50 μA input currents 
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Figure 13. Monte Carlo simulation results: (a) frequency response, and 

histograms of (b) gain and (c) bandwidth under ±5% Vth variation for the 

MRGC-based TIA 

 

4.3. The Optical Receiver System 

 

The 40 Gbps low-noise optical receiver system achieves a 

transimpedance gain of 86.9 dBΩ and a −3 dB bandwidth 

of 34.2 GHz. The total power consumption is 1387 μW, 

and the input-referred noise current is 10.31 pA/√Hz. The 

frequency response is shown in Figure 17. 

   The layout of the optical receiver occupies an area of 

9760 nm × 4960 nm, as illustrated in Figure 18. 

 

4.4. 40 Gbps Performance Comparison  

 

A comparative analysis of the simulated performance for 

the MRGC-based TIA, LA, and optical receiver (OR) 

against previously reported 40 Gbps designs is presented 

in Table 5. 
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Figure 14. Layout of the MRGC-based TIA 
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Figure 15. Frequency response of the LA with inductive loads 
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Figure 17. Frequency response of the 40 Gbps low-noise optical receiver 

system 
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Figure 18. Layout of the low-noise optical receiver system 

 

Table 3. Number of CNTs and λ-based gate widths for transistors in the 

MRGC-based TIA 

 N W(λ-based) 

CNT1 51 68.53 

CNT2 51 68.53 

CNT3 1 1.34 

CNT4 1 1.34 

CNT5 1 1.34 

CNT6 1 1.34 

CNT7 1 1.34 

CNT8 3 4.03 

CNT9 50 7.18 

 

Table 4. Number of CNTs and λ-based gate widths for transistors in the 

LA 

 N W(λ-based) 

CNT0 205 275.46 

CNT1 385 517.34 

CNT2 385 517.34 

CNT3 40 53.75 

CNT4 4 5.375 

CNT5 40 53.75 

CNT6 4 5.375 
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Table 5. Performance comparison of the MRGC-based TIA, LA, and optical receiver system with previously reported 40 Gbps designs 

 
This 

work 
[38] [39] [40]  [41]  [42] [43] [44] [45]  [46] 

Year 2025 2010 2010 2012 2012 2015 2015 2017 2021 2022 

Process 

Technology 

32 nm 

CNTFET 

0.13 µm 

MOSFET 

65 nm 

MOSFET 

45 nm 

SOICMOS 

65 nm 

MOSFET 

65 nm 

MOSFET 

0.13 µm 

BiCMOS 

0.13 µm 

BiCMOS 

0.18 µm 

BiCMOS 

90 nm 

MOSFET 

Supply voltage 0.9 V 1.5 V 1.2 V 1 V 1.2 V 1.2 V 2.3 V 2.3 V 3.3 V 1 V 

Data rate Optical 

Receiver (OR) 
40 Gbps 40 Gbps 40 Gbps 40 Gbps 40 Gbps 40 Gbps 40 Gbps 40 Gbps 40 Gbps 40 Gbps 

Gain (TIA) 56.6 dBΩ 50 dBΩ 46.7 dBΩ 55 dBΩ 54 dB 50 dBΩ 13 dB ― 39.4 dBΩ 40 dBΩ 

Bandwidth (TIA) 28.0 GHz 29 GHz 21.6 GHz 30 GHz 25 GHz 33.1 GHz 43 GHz ― 32.9 GHz 25.8 GHz 

Power 

consumption (TIA) 
177 µW 45.7 mW 39.9 mW 9 mW ― ― 8.5 mW ― 77 mW 29 mW 

Input referred noise 

TIA (pA/√Hz)  
14 51.8 30 20.47 ― ― 20 ― 37 25 

Area (TIA) 2.72 µm2 0.4 mm2 7.5 mm2 0.29 mm2 ― ― ― ― 0.45 mm2 0.16 mm2 

FOM1 (TIA) 639.54 0.6125 4.100 8.95 ― ― ― ― 0.4549 1.42 

FOM2 (TIA) 6395.48 61.25 820.09 985.18 ― ― ― ― ― ― 

Gain (LA) 10.3 dB ― ― ― 10 dB ― 7 dB 7 dB ― ― 

Bandwidth (LA) 32 GHz ― ― ― 52.8 GHz ― ― ― ― ― 

Power consumption 

(LA) 
382 µW ― ― ― ― ― 6.5 mW 6.5 mW ― ― 

Area (LA) 11.14  µm2 ― ― ― ― ― ― ― ― ― 

Gain (OR) 86.9 dBΩ ― ― ― 92 dBΩ 79 dBΩ 89.5 dBΩ 80 dBΩ ― ― 

Bandwidth (OR) 34.2 GHz ― ― ― 35 GHz 29.6 GHz ― ― ― ― 

Power consumption 

(OR) 
1387 µW ― ― ― 168 mW 12.4 mW 77 mW 77 mW ― ― 

Input referred noise 

OR (pA/√Hz) 
10.31 ― ― ― 14 53.47 ― ― ― ― 

Area (OR) 
48.40 

µm2 
― ― ― 

0.825 

mm2 
― 

0.52 

mm2 

0.52 

mm2 
― ― 

FOM1 (OR) 207.83 ― ― ― 6.10 µ 3.5268 ― ― ― ― 

FOM2 (OR) 2078.31 ― ― ― 36.24 µ 352.68 ― ― ― ― 

𝐶𝑃𝐷  10 fF 50 fF 200 fF 80 fF 60 fF 100 fF 17 fF 17 fF ― ― 

Load 10 fF ― 50 Ω 50 Ω ― ― ― 50 Ω 50 Ω 50 Ω 

Two figures of merit (FoMs) are used to quantitatively 

assess the performance improvements: 

 

(32) 𝐹𝑂𝑀1 =
𝐺𝑎𝑖𝑛 (𝑑𝐵Ω) × 𝐵𝑊 (𝐺𝐻𝑧)

𝑃𝑑𝑖𝑠𝑠  (𝑚𝑊)× 𝐼𝑅𝑁 (𝑝𝐴 √𝐻𝑧⁄ )
 

 

(33) 𝐹𝑂𝑀2 =
𝐺𝑎𝑖𝑛 (𝑑𝐵Ω) × 𝐵𝑊 (𝐺𝐻𝑧) × 𝐶𝑃𝐷  (𝑓𝐹)

𝑃𝑑𝑖𝑠𝑠  (𝑚𝑊) × 𝐼𝑅𝑁 (𝑝𝐴 √𝐻𝑧⁄ )
 

 

   Both FoMs confirm the superior performance of the 

MRGC-based TIA and low-noise optical receiver in 

compared to existing state-of-the-art designs. These 

improvements are mainly attributed to an optimized circuit 

design, reduced supply voltage, and the high-efficiency 

ballistic transport properties of the CNTFET technology. 

 

5. Conclusion 
 

This paper presents the design and simulation of a 40 Gbps 

optical receiver implemented in 32 nm CNTFET 

technology. The receiver consists of two identical MRGC-

based TIAs, followed by three cascaded differential LA 

stages. The active inductor technique is employed in both 

amplifier types to enhance high-frequency performance. 

All circuits operate with a ±0.45V supply. The modified 

TIA achieves a transimpedance gain of 56.6 dBΩ, a −3 dB 

bandwidth of 28 GHz, an input-referred noise current of 

14 pA/√Hz, and a power consumption of 177 μW, 

occupying a chip area of 2.72 μm². The 𝑔𝑚 𝐼𝐷⁄  design 

method was employed for analytical design and evaluation, 

which demonstrated strong agreement with the simulation 

results. The LA stage exhibits a voltage gain of 10.3 dB, a 

bandwidth of 32 GHz, a power consumption of 382 μW, 

and occupies 11.14 μm². The optical receiver achieves a 

transimpedance gain of 86.9 dBΩ, a −3 dB bandwidth of 

34.2 GHz, a total power consumption of 1387 μW, and 

occupies 48.40 μm² of chip area. Simulation results, 

supported by theoretical validation, confirm that the optical 

receiver design provides high performance and low power 

consumption. These characteristics make it a strong 

candidate for integration into the next generation of 

energy-efficient optical communication systems. 
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