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Abstract 
 

We propose transmission gates (TGs) as buffers/repeaters for Carbon nanotube based interconnects 
in VLSI circuits. For this, we model TGs by making use of PTM 14nm technology node library FETs 
provided by Arizona State University, as SPICE equivalent circuits. CNT interconnects are made of 
single walled CNT (SWCNT) bundles. By using a driver-interconnect-repeater-interconnect-load 
model, we simulate the transient responses of the proposed system for global CNT interconnect 
length of 1000µm. We carry out the simulations on Silvaco Smart SPICE and compare the results 
with traditional inverter based repeaters. Performance metrics like delay, power dissipation and 
power delay product are analyzed and compared. The results show that performance of TG buffers is 
comparable to that of inverters buffers. Particularly, power dissipated by TG buffered circuits is far 
better than inverter buffer circuits. 

 
Key Words— buffer, crosstalk, carbon nanotubes, delay, interconnects, power dissipation, 
transmission gates. 

 

1.INTRODUCTION 
 

Performance and reliability of on-chip interconnects is a major cause of concern for IC designers. 
Carbon nanotube based interconnects are being proposed as future VLSI interconnects for next 
generation ICs [1-5]. Recent advancements in this direction show modeling, simulation, fabrication 
and testing of CNT on-chip interconnects [6-10]. Crosstalk and hence, induced delay is a major 
cause of concern as the inter-wire distance is reduced in future technology nodes [5-7]. We have 
earlier proposed mixed CNT bundles as long global interconnects that can outperform both single 
walled CNT (SWCNT) and multi walled CNT (MWCNT) interconnects [11-14]. Global interconnects, 
that carry clock, ground and power signals to connect various cores and logic blocks in an IC, are 
prone to large propagation delays and crosstalk induced delays [15]. In order to mitigate this 
problem, buffers or repeaters are inserted at pre-defined intervals in the interconnect. This way, the 
delay can be reduced by dividing the longer interconnect in to shorter segments which are connected 
to each other by repeaters [16-20]. 

Traditionally, inverters are used as buffers in VLSI circuits due to their simplicity and tolerable 
latency [19]. However, as the technology progresses to multi-core designs and more transistors are 
packed into a single IC, the need for alternate repeater circuitry is inevitable. A recent review on 
buffer insertion techniques reveals that current inverter based buffers are not suitable for 
subthreshold level operated circuits [16]. Further, factors like delay and power dissipation become 
prominent at nano scale dimensions [16].  

So, we propose transmission gates as buffers/repeaters in CNT interconnect, for the first time, in 
this paper. We do transient SPICE analysis using Smart SPICE and compare the delay and power 
dissipation of TG buffered interconnects with inverter buffered interconnects. The rest of the paper is 
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organized as follows: Section II describes the circuit design of transmission gate (TG) based buffers. 
We also describe the RLC transmission line models of CNT interconnect. In Section III, we carry out 
the performance analysis of TG buffers and inverter buffers. Section IV gives the concluding remarks.  

2.BUFFER AND INTERCONNECT CIRCUIT DESIGN 
A. Buffer circuit design  

Buffers are used in VLSI circuits, especially in interconnects to regenerate and re-transmit signals 
that travel over long distances in them. Traditionally, CMOS inverters are used as both drivers as well 
as buffers in VLSI ICs where copper wires are being used as interconnects. But next generation ICs 
are proposed based on CNT interconnect technology. So, we are proposing transmission gates as 
buffers or repeaters for CNT interconnects. Transmission gates are electronic elements that can 
selectively block or pass a signal level from the input to the output. It is also called as an analog 
switch. It comprises of a pFET transistor and nFET transistor as shown in Fig. 1(a). Its circuit symbol 
is shown in Fig. 1(b). The control gates are biased in a complementary manner such that both 
transistors can be made ON or OFF alternatively. 

  

(a)          (b) 

Fig. 1 (a) Transmission Gate (b) Circuit symbol 

In our work, we consider six cases of interconnect and buffer arrangements. In Case I, we consider 
a simple inverter driven interconnect with another inverter as load as shown in Fig. 2. This is called 
as the driver-interconnect- load (DIL) model.  

Throughout this paper, the interconnect length is taken as 1000µm. The inverter is made of two 
transistors, an nFET and a pFET connected in series. We use PTM library based 14nm technology 
node model cards for HSPICE simulations provided by Arizona State University [21]. For all the 
cases, we apply a pulsed voltage of 0.8 V which is the nominal VDD for 14nm FinFETs.  The length of 
the driver and the load side inverter is 30nm which is the maximum possible length for 14nm 
FinFETs. Time delay that we have used is 40ns with a 50% pulse width. 
 

 
Fig. 2 Case I: Inverter-interconnect-inverter model 

In Case II, as depicted in Fig. 3, we replace the inverter load with a capacitive load, C load. The first 
two cases represent the DIL models where we are not using any buffers or repeaters. We use these 
two cases for comparing their performances with the rest of the cases, where we use buffer insertion 
techniques. 
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Fig. 3 Case II: Inverter-interconnect-capacitive load model. 
 

In Case III, we insert an inverter as buffer by segmenting the interconnect into two parts of 500µm 
each, as shown in Fig. 4. Here, the length of the FETs in driver and load is 30nm and that of the 
buffer inverter is 18nm. We had done this to reduce the delay and power dissipated by the buffer 
circuit. 

 
Fig. 4 Case III: Inverter-wire-inverter-wire-inverter model. 

 

Fig. 5 Case IV: Inverter-wire-inverter-wire-capacitive load model. 

In case IV, we use a capacitive load instead of an inverter as in Case III. Fig. 5 shows the circuit 
schematic of Case IV.  
 

 
Fig. 6 Case V: Inverter-wire-TG-wire-inverter model. 

Next, we use a transmission gate instead of the inverter as buffer in Case V. As shown in Fig. 6, 
the gates of the TG are attached to complementary inputs A and A‘. The sources and the drains of 
the nFET and pFET are connected as the input and the output of the interconnect, respectively.   
 

 
Fig. 7 Case VI: Inverter-wire-TG-wire-capacitive load model. 

Finally, in Case VI, we replace the inverter load used in Case V with a capacitive load of 10aF as 
shown in Fig. 7. We use a capacitor as load because, the RC delay of the interconnect system is 
dependent on the RC delay of the driver, interconnect, buffer and the load. So, it must be seen that 
the load capacitor‘s contribution to the delay is minimal. 

B. Interconnect circuit design 

We treat CNT interconnects as transmission lines (TL) of finite length. So, they have intrinsic and 
parasitic R, L and C. It was shown that bundles of CNTs are needed to overcome the very high 
intrinsic quantum resistance of a single CNT which is 6.45kΩ per µm. For bundles of CNTs, the 
equivalent single conductor (ESC) TL model is shown in Fig. 8.  
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Fig. 8. ESC circuit model of CNT bundle interconnects. 

The ESC resistance of a bundle with nCNT conducting SWCNTs is given by 
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where, RC is the diameter dependent imperfect metal-contact resistance, RQ is the intrinsic quantum 
resistance of a CNT which is 6.45kΩ/µm and is described earlier, nB is number of CNTs in the 
bundle, λeff is the effective mean free path considering the temperature dependent acoustic (AC) and 
optical (OP) phonons, which is explained in detail in [14]. The intrinsic quantum capacitance of a CNT 
that arises due to the density of states (DOS) at Fermi level is given as [5]  
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Further, the electrostatic capacitance between the CNT bundle and the substrate must be 
considered. So, the total equivalent single conductor capacitance associated with a bundle of CNTs 
is given by 
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; y is distance between center of CNTs facing the 

ground and dg is the diameter of those CNTs. Lastly, the equivalent single conductor inductance of a 
CNT bundle is given as, 

      eESCkESCESC LLL                         (4) 

where, LkESC is the kinetic inductance associated with a CNT given as 
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. The 

capacitance in the denominator is the free space electrostatic capacitance between CNT bundle and 
ground. 
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3.PERFORMANCE ANALYSIS 
Now, we do transient SPICE analysis of our proposed buffer circuits from Case I through Case VI. 

We compare the propagation delay and the power dissipated by the circuits.  

 

Fig. 9 Propagation delay and power dissipation of our circuits from Case I to Case VI. 

Fig. 9 shows the comparison bar-graph of propagation delay in nanoseconds and power dissipated 
in micro-watts in each case. It can be seen that the delay is highest for Case V which is the inverter-
wire-TG-wire-inverter model. The reason behind this is the size of the inverter driver as well as the 
load which is 30nm. This is the highest value of gate length that can be used in 14nm technology 
node. On the other hand, the delay for Case VI is moderate, while power dissipated is the least. This 
is encouraging as our designs i.e. Cases V and VI, where we have used TG as the buffer, shows 
good values of delay and power dissipation compared to Cases III and IV. Case VI circuit is ideal for 
low power applications like medical electronics. Fig. 10 shows the output waveforms of SPICE 
simulations that we have done. It can be seen that for cases III and VI, the output waveforms are 
inverted due to the odd number of inverters used (one in this paper). So, in practical applications, one 
can consider this for active high and active low triggering purposes. The swing of the circuits is best 
(full swing) when we used inverter as buffer (case III).  

 
(a) 
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(b) 

 
(c) 

 
(d) 

Fig. 10 Transient wave forms of (a) case III, (b) case IV, (c) case V and (d) case VI. 

 

 

Fig. 11. Power delay product (PDP) of various cases. 
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The ultimate factor that determines the performance of the proposed circuits is the power delay 
product (PDP). Obviously, the PDP is least for case VI where we have used a TG buffer and a 
capacitive load. The main factor that contributes to least PDP is the least power dissipation when 
compared with other cases. Overall, TG based circuits showed lesser power dissipation than inverter 
buffered circuits. This is due to the fact that a TG consumes very less power to dynamically switch 
from low to high and vice versa. On the other hand, for an inverter, both the static as well as dynamic 
power dissipated is high at 14nm technology node.  

Finally, the reason behind the lesser delay for cases II and III is that we used a least sized load for 
case II and a lesser sized inverter as buffer (18nm) than the driver and load (30nm). So, for case III, 
the pulling capability of the inverter load is high. Hence, we observe lesser delay.  

4.CONCLUSIONS 
We have proposed transmission gates as buffers/repeaters in CNT interconnect at 14nm 

technology node. We compare our buffer design with conventional inverter based buffers for a 
1000µm long CNT interconnect. Performance factors like propagation delay, power dissipated and 
power delay product are simulated and compared. We have found that TG based buffers show lesser 
power dissipation compared to inverter buffers, while inverter buffers have lesser propagation delay. 
The dynamic power dissipation of TG is lesser than that of inverters as buffers. Ultimately, TG based 
buffers are a close competitor to inverter buffers in future VLSI circuits and show major application for 
subthreshold circuits. Optimization of the performance can be achieved by sizing the gate length of 
the buffers in tune to the technology node.  
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