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Abstract 
Advances in System-on-Chip (SoC) design have emphasized the need for driving long 
on-chip differential traces. The delay of long traces has traditionally been handled by 
inserting repeaters at periodic intervals. The repeater method reduces the delay at the 
expense of increased power consumption. At the same time, power is a major design 
consideration in SoC design, motivating a driver methodology that has comparable delay 
to the repeater approach, with lower power consumption. This paper presents the design 
of a differential driver using low-voltage swing and charge recycling. The low-voltage 
design is shown to reduce the overall power by 37% and the Power-Delay-Product by 
32% compared to traditional full-swing differential repeaters.  By including charge 
recycling, the power can be reduced by 43%, which includes the power consumed by the 
associated control circuitry. This indicates that the charge recycling low voltage 
differential driver methodology is valuable when power is a major design concern. 
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I.  Introduction  

The ever-decreasing feature size of VLSI circuits is allowing complex systems to be 
implemented on a single silicon substrate.  As more system functionality is added to the 
silicon, the need to drive long interconnect traces is increased.  This poses a problem for 
designers since the delays associated with long interconnect can severely limit system 
performance.  Since both the resistance and capacitance of on-chip traces increase with 
length, the delay increases quadratically.  To combat this, repeaters are inserted along the 
trace at periodic intervals.  While this reduces the overall delay of the trace and allows 
the delay to scale linearly with trace length [1], it increases the system power.  SoCs also 
have very tight power budgets since power is one of the major factors limiting Deep Sub-
Micron (DSM) VLSI design.  Long interconnects consume a large quantity of power, due 
to their large total capacitances.  For example, it has been reported that the power 
consumption of the clock net for present-day designs is between 40-70% [2], [3].  
Therefore, a repeater design technique which reduces power consumption is sought, even 
if such a technique has a minimal delay increase. By using a low-voltage output 
architecture, the power consumed by the repeaters can be reduced considerably.    

Further, by implementing a charge recycling circuit, additional power savings can be 
achieved.  In this paper, we describe our initial experimental results for such an on-chip, 
low voltage swing, differential repeater design which utilizes charge recycling 
technology.  Charge recycling based drivers were recently described in [4] and [5].  
However, the authors of these papers did not consider the use of low voltage swing 
charge recycling drivers.  Also, only single drivers were considered.  The contribution of 
this paper is to demonstrate the utility of charge recycling techniques in the repeater 
insertion context, where each charge recycling driver is a low voltage swing circuit. This 
circuit is for use on long traces that use differential signaling to overcome on-chip noise.  
We show that such charge recycling techniques can yield a repeater insertion solution 
with significantly reduced power consumption, with a small delay penalty.    

The remainder of this paper is organized as follows.  Section II describes the repeater 
design methodology commonly in use in contemporary designs.  Section III describes the 
proposed repeater design methodology.  Experimental results are reported in Section IV 
and conclusions are drawn in Section V.   

II. Standard Repeater Design  

When driving long interconnect traces on-chip, one way to reduce the delay is to insert 
repeaters along the trace.  Figure 1 shows the standard repeater topology.  By breaking 
the parasitic resistance and capacitance of the trace into smaller segments, the delay of 
the trace can be made to asymptotically approach zero as the number of segments 
increases.  This is accompanied by an increase in the total repeater delay.  Therefore the 
total delay has a minimum, which occurs for reasonable values of n, number of wire 



segments.  In previous work [6], an analytical expression was derived for the optimum 
value of n and the sizes of each of the repeaters.  

   

Figure 1. Standard Repeater Architecture   

It can be shown that the optimal number of stages is found when the delay of the trace 
segment is equal to the delay of the repeater [1].  When implementing this technique, 
inverters are used as the repeaters.  The optimal number of repeaters is rounded to the 
nearest even integer to preserve the logic function.  When solving for the number of 
repeaters, the delay of the inverter is dependent on its channel width, power supply, and 
diffusion capacitance.  Estimating the inverter delay using the integral-current method [7] 
and equating this to the trace segment delay can be written as:   

(1)  

where,  

(2)     

(3)   

When solving for the optimal number of repeater stages, Cload in the inverter delay 
expression is the diffusion capacitance of the inverter output [1], [7].   

(4)  

Here the components of the load capacitance are respectively the diffusion capacitances 
of the NMOS and PMOS devices, and the gate capacitances of the NMOS and PMOS 
devices of the inverters.  

Another existing approach utilizes boosters [8], [9] instead of repeaters. In this approach, 
the wire is not broken into segments (thus allowing for bidirectional transfers). Boosters 
have an early edge detection circuit, which augments the drive of a signal once a rising or 
falling edge is detected. Boosters improve the wire delay over repeaters, but the power 
requirements of boosters are higher than that of repeaters. 



III. Proposed Repeater Design  

The drawback of a standard repeater method is that it consumes a significant amount of 
power in the inverter stages.  One way to reduce the power and still reduce the delay of 
the trace is to implement a differential, low-voltage output stage with charge recycling.    

A. Differential Signaling  

When driving long on-chip interconnect, differential signaling can be adopted as a way to 
reduce delay, improve noise immunity and enhance signal integrity [1], [8].  The 
differential driver architecture is implemented using complementary inverter stages [9]. 
The differential topology lends itself well to charge recycling that is discussed later.  
Figure 2 shows the topology of a differential buffer.  

   

Figure 2. Differential Architecture   

B. Low-Voltage Output Swing  

Charging and discharging long interconnect traces consumes a large amount of power in 
VLSI circuitry.  The dynamic power associated with driving the output loads is expressed 
as:  

(5)   

where α is the switching activity.  This expression illustrates that reducing the output 
voltage swing of the  driver (Vswing) results in a quadratic reduction in the power 
consumption of the circuit.   

Figure 3 shows the proposed low-voltage inverter circuit.  By inserting additional MOS 
transistors between VDD and VSS, the output swing is reduced.  M1 and M2 perform the 
traditional CMOS inversion.  M3 is an NMOS transistor whose gate is tied to VDD.  This 
has the effect of limiting the VOH of the inverter to VOH = (VDD - VT,n).  M4 is a PMOS 
transistor whose gate is tied to VSS.  This limits VOL of the inverter to VOL = (VSS + 
VT,p). 



  

Figure 3. Low-Voltage Inverter   

The new reduced output swing of the inverter is:   

(6)   

This circuit is used for both the Vout,p and Vout,n signals of the differential driver 
described in the previous section.     

C. Charge Recycling  

Additional power savings can be accomplished by implementing a charge recycling 
technique [4], [5], [9].  In charge recycling, the charge from one side of the differential 
pair can be used to charge the complement side when switching.  This is accomplished by 
inserting an NMOS transistor between the output lines of the inverter.  When the inverter 
switches, the output lines are momentarily shorted together using the NMOS transistor.  
The complementary lines exchange charge until they both reach an equal potential.  At 
that point, the lines are isolated and the inverter completes the charging/discharging of 
the lines.  This has the advantage that the inverter does not need to completely charge and 
discharge the lines to VOH and VOL.  This reduces the power dissipated in the inverter 
circuit.   

Without charge sharing, every transition requires the inverter to completely charge one 
side of the pair while the other is completely discharged.  The energy dissipated within 
one complete cycle of a driver without charge sharing is given as:   

(7)  



Consider the situation when the signal Vout,p is being charged, while Vout,n is being 
discharged.  With ideal charge recycling, the energy dissipation can be decreased to:   

(8)   

which can be rewritten as:   

(9)   

In this expression, E' can represent either a full swing inverter using charge recycling or a 
low-voltage inverter as described in the previous section.  In the case of a full swing 
inverter, Vswing=VDD.  In the case of a reduced swing inverter, Vswing = VLV,swing, 
based on our design of the low voltage inverter circuit.  A similar expression can be 
written for the case when signal Vout,p is being discharged, while Vout,n is being charged. 
The charge recycling topology is illustrated in figure 4.  

  

Figure 4.  Differential Driver Using Charge Recycling.    

This circuit implements a NOR-based charge sharing topology [9].  The NOR gates 
produce control signals to the charge sharing NMOS's (M1 and M2) that momentarily 
short the differential outputs together upon a transition.  During the time that M1 or M2 is 
conducting, the charge from Cout,p and Cout,n is distributed equally between the two lines 
until the potential on each line is the same.  At that point, the control signal is switched 
off and the CMOS inverter performs the remaining charging/discharging. 

    



IV. Experimental Results  

To evaluate the performance of the proposed method, simulations are performed using 
spice3f5 [10] with BSIM3 [11] model card support.  A 0.1um CMOS process (obtained 
from the Berkeley Predictive Technology Model group [12]) was used for the 
simulations.  The standard repeater technique is designed to drive a 1cm trace on metal 3 
of this process using a nominal power supply of 3.3v.  Three figures of merit - Power, 
Delay, and the Power-Delay-Product (PDP) - are recorded for this design.  Then the 
proposed low-voltage and low-voltage with charge recycling topologies are used to drive 
the same 1cm line and their figures of merit are compared to the standard method.  

For this comparison, the electrical values for the 1cm trace on metal 3 are found to be 
R=1333Ω and C=1.29pF [13].  By applying equations 1 through 3, the optimal number of 
repeaters for the standard topology was found to be 15.  The optimal sizing for this 
topology was found to be (WP/WN)=(8um/2.5um).  Using the same inverter sizing with 
the reduced voltage swing obtained from equation 6, the optimal number of low-voltage 
repeaters needed to drive this same 1cm trace is found to be 9.  The number of low-
voltage repeaters needed is less than the full-swing topology because the reduced output 
swing increases the inverter delay in spite of the reduced voltage swing (equation 2).  We 
performed experimental sweeps of the number of segments, and verified that the 
theoretical numbers matched with the experimentally derived values.  

Once the optimal number of low-voltage repeaters was found, the size of the low-voltage 
inverter transistors were swept to optimize for power and delay.  Finally, the charge 
recycling circuitry was added to the low-voltage architecture to further reduce the power 
consumption.  Figure 5 shows the total current that is drawn by the three repeater 
architectures.  It should be noted that the low-voltage charge sharing current includes the 
NOR gate control circuitry.  Clearly the two proposed designs consume much less power 
than the traditional full-swing repeater but suffer a small delay penalty.  



 

Figure 5.  Repeater Current Profile Comparison  

The efficiency of the low-voltage charge sharing circuit depends on the shape and timing 
of the control signals out of the NOR gates.  If the control signals occur too soon relative 
to the driver transition, the charge sharing will turn off too early and limit the power 
savings.  If the control signals occur too late, the output lines will still be shorted together 
when the inverter is trying to complete the charging/discharging.  This causes the delay to 
increase.  Figure 6 shows the control signals generated by the charge sharing circuitry.   

 

Figure 6.  Charge Recycling Control Signals 



Table I lists the results achieved between the three repeater architectures.  The delay, 
power, and PDP are listed for each.  In addition, the percentage improvement with 
respect to the full-swing  repeater design are also provided. Note that the repeater with 
charge  recycling has the lowest power consumption. Its delay is slightly increased over 
the low-swing repeater, with a very similar PDP compared to the low-swing repeater.  
Table II shows the sizing details for the three circuits.    

  

Table I.  Experimental Results for the Three Repeater Architectures Studied      

  

Table II.  Transistor Sizes (Width/Length in um)       



V. Conclusion  

In this paper, we have presented a low-voltage repeater with charge recycling that yields 
a significant improvement in power consumption with a small delay penalty.  It was 
shown through simulations that by using a low-voltage output repeater design, the power 
consumed when driving a 1 cm, metal-3 trace could be reduced by 37% compared to a 
traditional full-swing repeater system.  This power savings comes with only a 9% 
increase in delay yielding an overall PDP improvement of 32%.  With the addition of a 
charge recycling stage on the low-voltage output, the power savings can reach 43% over 
the traditional approach.  The low-voltage charge recycling circuit increased the delay by 
21% but the net PDP was still improved by 31%.  

We propose that this architecture be used as an alternative to full-swing repeater insertion 
when the design is more sensitive to power and can withstand a minimal increase in 
delay.  In addition, this architecture is well suited for long traces that are using 
differential signaling to overcome on-chip noise.                     
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