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ABSTRACT 

Output impedance matching for transmission line drivers is not easy to implement 

due to unavoidable process tolerances. An automatic system for adjusting the output 

impedance of fast CMOS drivers, on one chip, is described. The output impedance 

of all identical drivers is adjusted to match the impedance at the input of a reference 

transmission line, equal in geometry to the lines connected to the other drivers, by 

a circuit for measuring and correcting the mismatch between the output impedance 

of one of the drivers, taken as reference and dedicated for this purpose. The voltage 

measured at the far end of the reference line is sent to a differential amplifier where 

it is compared with the supply voltage of the final driving stage. According to the 

comparison result at specific time intervals, a signal is supplied to the regulator which 

supplies power to the penultimate driving stage, thereby controlling the resistance of 

the driver to match the line impedance. Simulations have shown that the percentage 

deviations of the far-end line voltage is approximately 3% for this design compared to 

a system without feedback which has a far-end line voltage deviation of approximately 

18%. 
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CHAPTER 1 

INTRODUCTION 

With the evolution of VLSI fabrication technology, chip size has grown and device 

dimensions have decreased, resulting in faster transistor switching times. However, 

the time to drive the signal lines between chips has not kept pace with the transistor 

switching time. Thus, off-chip driver delays as opposed to internal logic computa

tional delays have become a major performance factor in the design of VLSI circuits, 

the principal reasons being the large difference between the gate capacitance of the 

internal circuitry and the loading capacitances seen at the pins of the chip, and mis

matches between the driver impedance and line impedance. Tapered buffers which 

reduce the delay of these loading effects by three to four orders of magnitude have 

been studied, [1, 2, 3, 4, 5]. Variable taper buffer designs which have slightly better 

performance under certain operating conditions have been investigated by Vemuru 

[6, 7]. Cox [8] has designed a control circuit that senses the performance of a CMOS 

chip and transmits a digitally encoded state to an off chip driver, and uses clock gen

eration circuits to control the driver delay and driver dl jdt characteristics. Raver [9] 

has described open loop gain limitations for a new type of chip driver which employs 

feedback to make the output signal track an internal ramp. 
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Output impedance matching, i.e. matching the line impedance to the driver on-

resistance, as semiconductor process, voltage and temperature vary, is a challenging 

area in the design of off chip drivers is an interesting area for research. However, 

drivers with output impedance equal to the characteristic impedance of transmission 

lines are not easy to build, owing to unavoidable tolerances in the fabricating process. 

Transmission lines can have tolerances in the characteristic impedance also, but these 

tolerances are typically much smaller than those of integrated circuits. Hence, it is 

advisable to have an automatic system for adjusting the driver output impedance 

so as to obtain a good match to the line, independent of fabrication tolerances and 

circuit variations. Knight and Krymm [10] outline a method to match the charac

teristic line impedance with the driver on-resistance, by measuring the near-end line 

voltage. However, this circuit has a number of disadvantages. A first disadvantage 

is the comparison of the near-end line voltage in lieu of comparing the far-end line 

voltage to a reference. This requires additional circuitry for exact timing of the com

parison, which has not been disclosed in the paper. The second disadvantage is the 

requirement that the (0.5 V) reference voltage is required to be precisely equal to one 

half of the (1 V) supply voltage of the last driver stage and that any deviations from 

this ratio produces a corresponding mismatch condition. Unavoidable tolerances in 

integrated circuits make this precise ratio costly to achieve. The third disadvantage 

is the use of additive 1 V, —5 V and 0.5 V supplies, which is not economical for 

integrated circuit manufacture. Furthermore, the off-chip capacitor acting as a low 
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pass filter is impractical for a chip consisting of several drivers. Therefore, it can 

be concluded that the design by Knight and Krymm is not suitable for practical 

integrated circuits. 

This thesis describes an approach and provides the results of the investigation 

leading to matching the driver impedance to the line impedance in such a manner 

that the line driver, with its on-resistance, automatically tracks the line impedance 

so that process tolerances will not cause impedance mismatches. In this system, the 

output impedance of a plurality of drivers contained in the same integrated circuit 

is controlled by a suitable circuit, shown in Fig. 4.1, also housed in the integrated 

circuit, comprising a reference driver, analogous to those controlled, and a receiver. 

The reference driver sends a clock signal, locally-generated for this control purpose, 

onto a transmission line length with the same characteristics as those of the lines 

connected to controlled-driver outputs. The line output is connected to the input of a 

receiver that extracts from the received signal an enabling signal synchronized to logic 

level transitions. The voltage at the output of the reference line is read continuously 

by a threshold comparator, whereby it is compared with a reference voltage of value 

equal to the maximum value of the output voltage of the final driver stage under 

matching conditions. The information at the output of the comparator is used to 

control the driver output impedance. This nearly doubles the speed of operation in 

particular circuits. The design is also economical for fabrication because additional 
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power supplies, apart from the standard 5 V supply have been eliminated, and the off-

chip capacitor is replaced by an on-chip capacitor. This is made possible by applying 

the method demonstrated by Dey et al. [11] for fabricating dielectric thin films with 

low leakage currents, high permittivities, and sufficient dielectric strength. A possible 

method of implementation is studied by simulation. For simulation purposes, SPICE, 

a circuit level simulator is used, and the circuit is simulated at an operating frequency 

of 100 MHz. 

In Chapter 2, the interconnects are treated as transmission lines and the effects of 

various termination techniques considered. A simple multistage tapered driver design 

is presented in Chapter 3. Design criteria for driving transmission lines are also 

discussed. The drawbacks for the design, caused by variations in process parameters, 

are highlighted. Chapter 4 deals with the description and development of an approach 

to an optimal driving scheme for large off-chip loads. Simulation results are provided 

in Chapter 5. Chapter 6 shows a mathematical model for the driver and its feedback 

path. A summary and conclusions drawn from this work are provided in Chapter 7. 
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CHAPTER 2 

TERMINATION TECHNIQUES 

Information transfer between chips is made possible by the use of off-chip trans

mission lines. The ends of these transmission lines introduce discontinuities that gen

erate reflections, which occur when the characteristic impedance of the line changes 

abruptly, thereby causing signals to overshoot or undershoot. This is one of the criti

cal factors that affect high speed digital systems. It is assumed here that the lines in 

question are lossless, which is justified for lines on printed wiring boards. The reflec

tion coefficients of the transmission line are defined as the ratio of the amplitude of 

the reflected wave to the amplitude of the incident wave, and they can be expressed 

in terms of impedances. They are, 

Ts - z^To' (21) 

at the source-end, and, 

ZT-  ZQ  

Tl 
- zTTzo' (2'2) 

at the receiving end, Z,-, being the near-end termination, ZT ,  being the far-end ter

mination and, ZQ, being the characteristic impedance of the line. A non-terminated 

transmission line with zero source resistance and an open circuit at the receiving end 
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DRIVER ' RECEIVER 

far-end 
near-end 

Figure 2.1: Voltage Waveforms for an Open Ended Transmission Line 

of the line, has a reflection coefficient of 1 at the receiving end and at the driving 

end it assumes a value —1. Upon application of a signal at the source end of the 

line, a full potential swing starts traveling down the line. When the signal reaches 

the far-end of the line, it doubles because Ti = 1. This doubled amplitude waveform 

then travels back to the source and gets both inverted and reflected because Ts = — 1. 

This process continues indefinitely by keeping the energy within the line (Fig. 2.1). 

The introduction of a resistive element, a termination, at either the source or load 

end would cause the reflections to decay. The line potential would eventually stabi

lize to the source potential because the energy would be slowly dissipated through 

the resistive element. A couple of methods for terminating lines are analyzed in the 

following sections. 
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near-end 

far-end 

0 1d t 

Figure 2.2: Voltage Waveforms for a Transmission Line with Far End Termination 

2.1 Far End Termination 

The receiving end of the line is terminated with a resistor, R — ZQ. Reflections 

are not generated at the load (Fig. 2.2), since T/, = 0 and the signal amplitude is 

half of what it was without the resistor. The driver resistance has to be negligible 

compared to the characteristic impedance of the line so that the voltage drop across 

the line is close to a full potential swing. As a result a driver with an extremely high 

W/L ratio is required. The biggest drawback of this approach is an excessively large 

chip area consumed by the driver. 

Another appealing solution, described next, is to terminate the line at the driving 

end. 
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far-end 

near-end 

Figure 2.3: Voltage Waveforms for a Transmission Line with Near End Termination 

2.2 Source End Termination 

The output resistance of the driver is equal to the characteristic impedance of the 

line, resulting in a series potential divider with the transmission line. A voltage of 

amplitude V/2 travels down the line when a signal is applied at the driving end. The 

propagation coefficient at the far-end is YL = 1, implying that the signal doubles and 

the full amplitude, V travels back to the source. On arrival at the driver end, Ts = 0, 

eliminating any source end reflections. Fig. 2.3 shows the voltages at the near-end 

and far-end of the line. 

2.3 Capacitive Load 

The capacitive loads, C p ,  shown in Figs. 2.1, 2.2 2.3 represent the pin capacitances 

of a package at the driver output and receiver input. The effects of this load are 
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negligible because the risetime of the disturbance caused by the capacitance is much 

smaller than the transmission line delay [12], for Z0CL « tj, tj being the time of 

flight of a pulse. The time constant of the load is defined as, 

r = Z0CL  .  (2.3) 

CL , being the capacitive load on the output pad, which in this particular case is the 

pin capacitance. 
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CHAPTER 3 

TRADITIONAL CMOS DRIVERS 

Digital integrated circuits generally use smallest possible devices for logical func

tion implementation. This maximizes the number of circuits per unit area and there

fore reduces cost. These logic circuits provide results of internal operations to the 

outside world. Hence, the output transistors need to be large enough to drive the 

capacitive and resistive loads constituted by the output pin and transmission line. 

A large output transistor on the final stage will load the previous stage and slow 

circuit operation. Therefore, all stages of the circuit need to be enlarged, resulting 

in excessive chip area consumption. However, if the drivers are made progressively 

smaller than the succeeding stage, the total area consumed will be reasonable and 

there will be an improvement in the propagation time. This type of circuit configu

ration employs a cascade of inverters with increasing current-drive capability. This 

chapter analyses a tapered buffer between the logic devices and the load for opti

mization of chip area and propagation time, for circuits which require a high output 

drive capability. 
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3.1 Series Terminated Driver 

Series termination in driving transmission lines in CMOS technology allows the 

line termination to be placed at the driving end in lieu of the receiving end. As a 

result, there is a huge reduction in the die area consumed. For a point to point net, 

with no midline loads, the size of the driver is adjusted using the impedance equation, 

for operation in the saturation region, 

D WPP /o 1 \ 
D  I<W{VD D  -  VT H)2  '  }  

I\ being the transconductance parameter and VTH being the device threshold voltage, 

so that its resistance equals the line impedance. This forms a voltage divider, and the 

waveform propagating down the line is half the amplitude of the driver voltage swing. 

On reaching the receiver, the open end, the signal fully reflects and a backward wave 

of a full amplitude propagates to the driver end, where, the backward propagating 

wave is fully absorbed. Using this technique, power is dissipated in the driver during 

the round trip delay on the line. 

A driver with far-end termination in which the final driver stage approximates 

a voltage source would require large output devices, resulting in large delays, high 

power dissipation and area penalties. Thus, an output driver with an impedance 

equal to the line impedance is an appropriate design choice. This method, described 

in detail in the next section, combines the functions of the driver and utilizes it both 

as a driver switch and a series terminating resistance. 
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3.2 Tapered Buffer Design 

The output transistors in an integrated circuit should be of suitable size to pro

vide large charging and discharging currents to drive typical load capacitances. A 

straightforward design for a driver-interconnect-receiver configuration with wide noise 

margins is a pair of inverters. Minimum size inverters driving capacitive loads which 

are orders of magnitude higher than the gate capacitance, such as the capacitance of 

an output pin, cause excessively large signal delays which are proportional to the ra

tio of load capacitance to gate capacitance [13]. Consequently, they are unacceptable 

for use as off-chip drivers. The inverter driving off-chip loads requires an extremely 

large aspect ratio in order to provide an adequate current drive. As a result, its gate 

input capacitance, which scales with the area, of the gate is very large. In this case, 

if the load is driven by a large transistor which, in turn, is driven by a minimum 

size device, the turn-on-time of the large transistor dominates the delay term [14]. 

A better approach is to use cascaded drivers which have increasing drive capability. 

This is achieved by gradually increasing the geometrical size of each stage in a chain 

of inverters [15], as shown in Fig. 3.1 where Lpyv and WpN correspond to the length 

and width, respectively, of the pull-up transistors, and Lnat and W„jv correspond to 

the length and width, respectively, of the pull-down transistors of the Nth stage of 

the cascade [1, 4,16]. Each successive gate in the cascade has a current driving ability 

a times greater than its predecessor. Hence, optimizing the overall delay. The input 

capacitance, C,-, or the gate capacitance, Cg, is the capacitance for the minimum size 
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Wp2=aWPl 

Lp2= Lpj 

WpN=aN"1Wpl 

lPn~ Lp j 

Ro/a p. Ro/a2 
|2^>0—A/ 3_^>0 'V 

aCi a Ci 

Ro/aN-l 

Wnj 
Ln i 

inverter, defined as, 

Wn2= a Wn, 

Ln 2 = Ln j 

aN_1 Ci 

WnN= aN_1 Wn, 

Vout 

LnN= Ln j 

Figure 3.1: Cascaded Drivers 

Ci = C0XLn(Wn + Wp) = CG , (3.2) 

for Vgs > VT , Cox, being the gate oxide capacitance per unit area, while Ro, is the 

output resistance of the minimum size inverter. The gate-to-drain capacitance, gate-

to-source capacitance and the gate-to-bulk capacitance are ignored because they are 

small in comparison to Cox. 

The scaling factor, a, is defined by, 

cgn _ WP N  _(CL\1 / N  

a Cgn-1 Wpn-1 \cGJ ' 
(3.3) 

where N is the number of stages in the cascade and CL is the load capacitance, 

i.e. the the pin capacitance. Again, the drain-to-bulk capacitance and the drain-to-

gate capacitance are neglected because they are negligible in comparison to the pin 

capacitance. 
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The gate capacitance of the zth stage in the cascade can be expressed as, 

CG I  = A 'Ca , (3.4) 

while the width and length of the i th  stage in the cascade are characterized by the 

following equations, 

WN I  = A'- 'WM, (3.5) 

Lni = Ln\ , 

WP I  = A I - 1WPI ,  

Lpi = Lpi . 

The load capacitance on the zth stage can be expressed in terms of the gate capaci

tance by, 

Cia = a''CG . (3.6) 

Therefore, the number of stages of the buffer can be written as, 

N = . (3.7) 
In a 

One of the most important parameters in buffer design is the device's width ratio, 

(3-8> 

for a fixed device length. The factor, apart from affecting the speed, power and area, 

also affects the shape of the output waveform. For a symmetric output drive it is 

required that RN equals RP. KN is approximately 2.5 times KP, caused primarily by 
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the difference in the majority carrier mobility for the p- and n-channel transistors, 

A'„, being the transconductance parameter for the n-channel device, and, KP, being 

the transconductance parameter for the p-channel device. Thus 

^ r t = 2 - 5 -  < 3 - 9 >  

and the width of the p-channel device should be 2.5 times the width of the n-channel 

device. 

The overall delay of the driver, To, is equal to the sum of the delays of the individual 

stages. 
n—1 

TO = XI = NotTi > (3-10) 
k=0 

T;, is the delay for the first stage, the minimum size inverter. Substituting equation 3.7 

into equation 3.10 yields, 

T° = T' ln(§)n^' (3-u)  

where (Cl/Cg) is the fan out, i.e., the number of equivalent inverter loads to be 

driven [13]. To find a value for a that optimizes the overall delay without a dramatic 

increase in the number of inverter stages, it is necessary to find the delay, both for 

the cascaded approach and the direct drive approach. This ratio, r, between the 

propagation delay of the direct-drive, a circuit with two driving inverters instead of 

a cascade of inverters, circuit and the geometric cascade approach, can be expressed 

as [13] 
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where, TD I R  = T,-§£. 

Substituting Eq. 3.10 into Eq. 3.12 gives, 

r  =  ̂ = A ^  ( 3 1 3 )  

T' Ca 
L 

Further substituting of Eq. 3.7 into Eq. 3.13 yields, 

The prime objective is to determine values for n and a which minimize r  and thus 

the propagation delay. The value of a, for the minimum of r is derived as om,„ = o, 

[13] 

*= J !— = o 
da In a (In a)2 

Therefor aTO1„ = e, as shown in Fig. 3.2. a, is usually set to a value greater than e to 

reduce the number of stages in the cascade, resulting in a small increase in the delay 

time. 

Thus the overall delay can be expressed as, 

r0 = (e + Ae)[ln(CL /CG)]^ . (3.15) 

3.3 Area for CMOS Buffer 

Letting, Ln ,  also be the length of the drain and source in the n-channel device 

and the p-channel device, the inverter area can be written as [3], Fig. 3.3 

A = Wn3L + WpZL 
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Figure 3.2: Plot of a/lna vs. a 
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Wp 

$ L 

nt l 
* L 

Wn 

Figure 3.3: Area of a CMOS inverter 

where, L = Ln  = Xp. Therefore, 

A = 3WnI„(l + /9), (3.16) 

/3, being the device width ratio. The area of the driver is the sum of the areas of the 

individual inverters. The area for an iV-stage CMOS driver can be expressed as 

N 

Ad = ̂ 2 Ai 
i=i 

3.4 Power Dissipation In CMOS Buffer 

(3.17) 

Power dissipation in CMOS circuits can be split into three categories: static power 

dissipation, dc switching power which occurs at the instant when both transistors con

duct, momentarily and ac switching power which is lost while charging and discharg

ing capacitive loads. Static power dissipation is negligible because under quiescent 
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Vin 

11 
^>0— ̂ >o- ̂ >o-£>o- Vout 

XCp cp -j-

Figure 3.4: Point to Point Net 

conditions the dc path from power to ground is always cut-off by the off transistor. 

The dc switching power is very small compared to the total power dissipation of the 

digital CMOS circuit. The ac switching power, the main component of power dissi

pation in CMOS circuits, is analyzed by Geiger and Allen [13]. The average power 

consumed is expressed as 

C, being the circuit capacitance, V, being the supply voltage, and, f, being the 

operating frequency. 

3.5 Driver - Interconnect - Receiver Configuration 

The off-chip interconnection topology used is a point to point net as shown in 

Fig. 3.4, with one inverting driver and one inverting receiver. 

It has no intermediate loads which create midline reflections and is the fastest and 

simplest to design [17]. This net can be terminated at either the driving end or the 

receiving end. The former method is selected since it is more elegant, it is better 

suited for CMOS and BiCMOS applications, and it utilizes first incident switching, 

where the receiver always switches on arrival of the first incident wave. 

P = cv2f , (3.18) 
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A five stage cascade driver with an inverter as a receiver and a driver on resis

tance of 50 fl, together with a transmission line of impedance 50 fi and propagation 

delay, Zd, as shown in Fig. 3.4 was simulated using 1.2 fim CMOS MOSIS, level 2 

parameters. SPICE [18], a transistor level simulator, which incorporates a model 

for a single transmission line, was used for simulation purposes. Results shown in 

Fig. 3.5a for a circuit with a mismatch between the terminating resistance and the 

line impedance, with RD being greater than ZQ demonstrate reflections taking ap

proximately 40 ns to essentially vanish. Desired operation, with minimal reflections, 

is shown in Fig. 3.5b. The signal reflections shown in Fig. 3.5a might lead to spurious 

switching of the receiver on the line because of superimposed signal reflections and 

CMOS latch-up, which is explained in section 3.6. Furthermore, the operating speed 

is reduced since subsequent signals can only be transmitted once all reflections are 

fully absorbed. This mismatch is mainly due to semiconductor process variations. 

3.6 Latch-Up 

A four layer sandwich of doped material, npnp or pnpn, forms a Silicon Controlled 

Rectifier, SCR. The SCR is very undesirable and if it is caused to fire, a path from 

supply to ground is established, and excessive current will flow, causing a destructive 

failure of the integrated circuit. This process is termed as latch-up in CMOS circuits. 

Multiple reflections generated on an incorrectly terminated line results in signal 

undershoot and overshoot. Referring to Fig. 3.6, if the drain voltages of the p- and 
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Figure 3.6: Latch-Up in a CMOS Inverter 

n-channel devices of the final driving stage rise above 5 V, current will flow from 

the n+ region into the p-substrate and into the n-well, creating a direct path from 

VDD to ground. Similarly, if the drain voltages fall below 0 V, current will flow from 

the p+ region into the n-well and then into the p-substrate creating a short. These 

conditions are undesirable in circuit design and are classified as CMOS latch-up. 
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CHAPTER 4 

ADAPTIVE TRANSMISSION LINE DRIVER 

Implementing the driver - interconnect - receiver configuration described in the 

previous chapter for a data transmission system might cause spurious switching of 

the receiver, CMOS latch-up of the final driver stage, and result in slow operating 

speeds. The main reason for these undesirable effects is the mismatch between the 

driver on-resistance and the line characteristic impedance, due to process tolerances. 

A proposed solution is to control the driver output impedance by operating the final 

stage in the ohmic region and using feedback to adjust the driver on-resistance. A 

circuit for sensing and correcting the impedance mismatch between the on-resistance 

of the reference driver, DD, and the characteristic impedance of the looped transmis

sion line, L, terminated at the driving end by the driver on-resistance, is described, 

with the aid of the schematic diagram shown in Fig. 4.1. 

This design provides an automatic feedback-control system that consists of a ref

erence driver driving a reference transmission line forming a loop such that its end 

connects to a receiver on the same chip. The receiver input is high impedance point, 

such that the end of the reference transmission line can be considered unloaded. The 

reference driver launches a pulse train onto the transmission line and the signal is 
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monitored at its unloaded end. The output stage of the reference driver is designed 

such that its output impedance can be varied by means of a control voltage, VT and 

thus adjusted to exactly match the impedance of the reference transmission line. At 

a perfect match, the amplitude of the pulse train at the end of the transmission line 

is equal to the dc supply voltage of the output stage of the driver. If the driver 

impedance is too high the said amplitude is lower, and if the driver impedance is too 

low, the amplitude is higher. A feedback circuit compares the amplitude of the pulse 

at the far end of the transmission line to the supply voltage of the driver output stage 

and derives from it a reference voltage that varies in the opposite direction of the 

pulse train amplitude at the end of the transmission line. This reference voltage is 

applied to the reference driver and to all other off-chip drivers on the same chip. The 

reference voltage causes the output impedances of the drivers to be reduced when 

it rises and vice versa and to stabilize these impedances at the value matching the 

impedance of the reference line. Because all transmission lines on a circuit board 

can easily be manufactured to have nominally the same impedance, the matching 

condition is achieved for all drivers simultaneously. 

The series-terminated non-inverting driver, explained in depth in section 3.1, with 

a detailed circuit diagram shown in Fig. 4.2 is a twin path cascaded driver with a 

final NMOS stage, providing adequate current drive to transmit the signal down the 

transmission line. For design purposes, as explained in section 4.1, a 1 V supply 

is used for the final stage. The feedback path to the driver, node 12, controls the 
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on-resistance of the driver so that it automatically matches itself to the line. In the 

simulation the transmission line is a SPICE model, shown in Appendix A, with a 

propagation delay, to, and characteristic impedance, Zo, while Cp represents the pin 

capacitances of the interconnect. The receiver [10], a common gate non-inverting 

amplifier, accepts and processes the signal while also using it for timing purposes in 

the feedback path. 

4.1 Matching the Driver Output Impedance 

A transmission line is considered to be correctly matched when the far-end line 

voltage is equal to the dc supply voltage of the output stage of the driver. If the 

far-end line voltage is greater, then the driver resistance is too small and if lower, the 

driver resistance is too high. 

Previous approaches at controlling driver performance include techniques to con

trol the driver delay and driver dl/dt characteristic [8, 9]. Krymm [10] discusses a 

method for controlling the output impedance by operating the driver in the linear 

region. In the circuit investigated here and sketched in Fig. 4.2, the n-channel final 

stage of the driver cascade, comprising transistors, Ml and M2, is operated in the 

linear region, by varying their gate voltages between 2 V and 5 V. A supply voltage 

of 1 V is used in lieu of a 5 V supply, such that the source resistance of the driver 

is dependent on the gate-to-source voltage of the final driving stage. Thus the re

sistance of the driver can be adjusted to match the line impedance. The regulated 
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Figure 4.2: Series Terminated driver 

feedback voltage, VT, the supply voltage to the penultimate driving stage, controls 

Vgs to the final driver stage. This voltage is derived by a feedback control circuit 

which compares the far-end line voltage to the 1 V supply voltage of the final driving 

stage. If the driver on-resistance is higher than required, then Vgs to the final stage 

can be increased by increasing VT. On the other hand, if the driver on-resistance is 

lower than required, then Vgs to the final stage is decreased by reducing Vr. Thus, 

the driver resistance is compared with the line impedance on every clock cycle and is 

adjusted accordingly. A fast clock frequency is desirable, so as to increase the number 

of comparisons per unit time, thereby reducing the peak to peak fluctuation of the 

feedback voltage, VT. VT is updated at 10 ns intervals. In principle, the driver shown 

in Fig. 4.2 is a multistage buffer, with n stages in each cascade, with each consecutive 

stage having a current drive capability, a, times the previous stage. The driver is 

divided into two paths for data transmission. Path A is active for the transmission 

of a logical '0', while path B is active for the transmission of a logical '1'. The chain 
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of inverters in both paths are designed using principles described in Chapter 3. The 

final st.age is an NMOS output stage, with the sizes of Ml and M2 being controlled 

by the impedance of the line and process parameters. M2 is sized using VT = Vgs in 

the Eq. 3.1. Vr is selected to be approximately 3.5 V, allowing for variation from 2 

to  5  V as  a  resu l t  o f  feedback  ad jus tment .  I t  mus t  a l so  be  la rge  enough  to  keep  Ml 

and M2 operating in the linear region. Ml is sized using Vgs = Vr — 0.5 V, since the 

source of Ml is nominally at 0.5 V when it is turned on and drawing current. Device 

sizes in path A and path B are sized in relation to M2 and Ml, respectively. The 

width of the predriver stages reduces by a multiplicative factor ^ while the /? ratio 

of 2.5 is used for symmetric rise and fall times. 

Interconnect power dissipation is reduced by the square of the supply voltage using 

the reduced voltage swing driver. However this is at the expense of increased chip 

internal power dissipation, since the 1 V supply is derived from the 5 V supply, as 

explained in section 4.4. It is not economically feasible to provide an additional 1 

V supply. Since the source of transistor Ml is assumed to be at approximately 0.5 

V, and the bulk potential is at 0 V, the threshold voltage for the device is shifted 

by approximately 0.18 V due to body effects. This will not affect circuit operation 

because Vgs for transistor Ml is approximately 2.5 V, thereby allowing the transistor 

to be turned on. 
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4.2 Circuit Operation 

The on-resistance of the reference driver, DD, is measured indirectly by measuring 

the far-end voltage of the line, L, which under perfect matching conditions is equal 

to the 1 V supply voltage applied to the final driving stage, consisting of transistors, 

Ml and M'2. The supply voltage is derived from the standard 5 V supply. The driver 

on-resistance can be controlled by varying the gate voltage of transistors, Ml and 

M2 of the output stage within certain limits determined by geometrical dimensions 

of the transistors themselves. 

As a consequence, under perfect matching conditions, the signal amplitude at the 

output of the transmission line, L, is 1 V, while under mismatch conditions this value 

changes, as shown in the third trace of Fig. 4.3. The system operates so as to vary 

the on-resistance of the reference driver, DD, till a signal amplitude of 1 V is reached 

again. 

The reference driver receives a clock signal, as shown in the top trace of Fig. 4.3, 

at its input node, 1, generated by a suitable generator not shown in Fig. 4.1 because 

many circuits for this purpose are generally known. 

The circuit for measuring and correcting the impedance mismatch consists of the 

level shift circuit, LS, the comparator circuit, CR, the D-latch, LT, the inverter, INV, 

and the regulator circuit, RR. The signal at the end of the transmission line, at node 

3, as shown in the third trace of Fig. 4.3, is continuously compared with the 1 V dc 

supply voltage at node 14. To this end, the two voltages are level-shifted by equal 
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amounts in the circuit, LS, a symmetric source follower circuit, and applied to the 

two inputs of the differential amplifier, CR, the output node, 6, of which is at a high 

level whenever the potential at node 3 is higher than the 1 V level at node 14. This 

condition prevails only during the time intervals when the pulse signal is at its up 

level, while simultaneously the output impedance of the driver is lower than the line 

impedance, as shown in the fifth trace of Fig. 4.3. 

Node 6 is the data input to the D-latch, LT. The clock signal for the latch at node 

9 is derived as the AND function of the clock signal at node 1 and the amplified 

output signal from the transmission line at node 4. This signal is a replication of the 

clock signal, except that its up-transition is delayed by the delays of the driver, the 

transmission line and the receiver circuit, as shown by the sixth trace of Fig. 4.3. As 

indicated in Fig. 4.3, which shows traces of signals at various nodes of the circuit, 

the up-transitions at node 6 precede the up-transitions at node 9, while the down-

transitions at node 6 lag those at node 9. When node 9 is at its up-level, the latch 

is controlled by the level at node 6, and operates as an inverter from node 6 to node 

20. When the clock signal at node 9 switches to its down level, the latch and the 

voltage at node 20 remain in their prevailing states. The logic signal at node 20 is 

inverted and powered up by the inverter circuit, INV, and supplied from the output 

node, 7, to the PMOS transistor, M3. Thus, when the pulse amplitude at node 

3 exceeds the voltage at node 14, i.e., when the output impedance of the reference 

driver is too low, then there appear pulses at node 6, the latch output, node 20, settles 
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to its low state, node 7.settles to its high state, and the transistor, M3, is turned 

off. Alternatively, too low an output impedance of the reference driver causes the 

transistor, M3, to be turned on. When transistor, M3, is turned off, the smoothing 

capacitor, Cr, discharges through the NMOS transistor, M4, and the control voltage, 

Vr, drops steadily. This reduces the gate voltage to transistors, Ml and M2, of the 

reference driver, DD, thereby increasing the driver on-resistance. This continues till 

the line voltage at node 3 is lower than the supply voltage of the output stage of 

the dedicated driver, DD. Then, the output of the comparator, CR, remains at a low 

level, and the PMOS transistor, M3 turns on. Consequently, the smoothing capacitor, 

Cr, charges through the resistance of transistors, M3 and M5, in parallel, such that 

Vr rises steadily. This increases the gate voltage to transistors, Ml and M2, of the 

dedicated driver, DD, thereby reducing the driver on-resistance. 

The design of the individual subcircuits of the adaptive transmission system is 

given in the following subsections. 

4.3 Receiver 

A receiver is the interface circuit for the incoming signal and is on the same chip 

as the driver. It should have high input impedance. 

The receiver, Fig. 4.4, is based on the design by Knight and Krymm [10]. It is a 

common gate amplifier implemented as an inverter (RE MZ/RE MA) with the source 

of  RE MA ac t ing  as  the  inpu t .  Wi th  the  inpu ts  of  the  inver te r  (RE Ml /RE M2)  
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shorted to the output, and (REM9/REM10) connected to the source of REM2 as 

a reference voltage, REM3/REMi are biased into the high gain region when the 

input is at the REM1/REM2 reference voltage. Voltages at nodes REl and RE2 

are approximately 0.5 V and 2.5 V, respectively. A 0 V at the far-end of the line 

produces a 0 V at node RE3, while a 1 V at the far-end of the line produces a 5 

V at node RE3. This approach allows the receiver to sense a 1 V on the line and 

convert it to a 5 V signal for CMOS compatibility, while leaving the 0 V transmission 

unchanged. 

4.4 Derived One Volt Supply 

The final NMOS driving stage in the cascaded driver configuration, Fig. 4.2, re

quires a 1 V supply so that the transistors can operate in the linear region. 
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Figure 4.5: One Volt Supply 

The best solution, avoiding chip area consumption by the smoothing capacitors, 

is the use of an external 1 V supply. Since this is not feasible economically, tran

sistors, SMI and SM2, in Fig. 4.5 together act as a voltage divider with Cs being 

the smoothing capacitor which serves to reduce substantially the variations in the 

output voltage. Using the transistor equations, given by Geiger et al., [13] the device 

dimensions are determined, 

for the p-channel device, while the value of the smoothing capacitor is calculated 

using, 

h=^yvs. - VtN)' (4.1) 

for the n-channel deivce, and 

KW„, R ,  
Id = ~2r{Vaa 

~ 
VtP) (4.2) 

(4.3) 
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Vpp , being the peak to peak voltage, and f, being the frequency of operation. Since 

this circuit is temperature sensitive, simulations with 5 degree Celcius temperature 

variations are provided in Chapter 5. 

4.5 Level Shifter 

Comparison of the far end voltage of the line with the 1 V supply is possible, but 

at the cost of an additional —5 V supply for the comparator, which is uneconomical. 

A practical solution is to level shift the far-end line voltage and the 1 V supply to the 

final driver stage by approximately 2 V, and then compare these voltages, thereby 

operating all the transistors of the comparator in saturation. Referring to Fig. 4.6, 

there is shown a level shifter circuit, with device sizes, used in the adaptive driver 

design. The level shifter comprises p-channel transistors, LSM1, LSM3, LSM4, 

LSM5 and LSM6, and n-channel transistor, LSM1. The circuit is symmetric with 

transistors, LSM3, LSM5; and LSM4, LSM6, having same device dimensions. All 

transistors operate in saturation. Transistors, LSM1 and LSM'2, act as a voltage 

reference, providing a constant 3.5 V at the gate of transistors, LSM3 and LSM5. 

The 1 V supply to the final driving stage of the driver, DD, is applied to the gate 

of transistor LSM4, node 14, while the far-end voltage of the reference line, L, is 

applied to the gate of transistor LSM6, node 3. Both these node voltages are level 

shifted by approximately 2 V and are made available at nodes, 15 and 16, and applied 

to the comparator, CR, shown in Fig. 4.7. A capacitor, C2, is connected between 
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Figure 4.6: Level Shifter 

the level-shifted supply of the final driver stage, node 15, and ground, to stabilize 

the signal during switching. Substrate bias for transistors LSM4 and LSM% might 

shift their threshold voltages by approximately 0.8 V, thereby still ensuring that the 

devices operate in saturation. 

4.6 Comparator 

A simple differential CMOS amplifier as shown in Fig. 4.7 is used as a comparator. 

Transistors, CM3 and CM4, are used as a current mirror to form the load devices. 

The differential output signal is converted to a single ended signal and is taken from 

the  d ra in s  o f  t r ans i s to r s ,  CM2  and  CMA.  



46 

Vdd 

CM 3 

CM 2 

CM6 

Figure 4.7: Comparator 

When a differential voltage is applied between the gates, with the gate-to- source 

voltage of transistor, CM 1, being greater than that of transistor, CM2, an increase in 

/i and decrease in I2, by equal increment, A/, which is mirrored through transistors, 

CMS and CM4, results. Therefore, the voltage Vout rises and the cascaded inverters 

at this node pull the output to 5 V. On the other hand, if the gate-to-source voltage of 

transistor, CMl, is less than the gate-to-source voltage of transistor, CM2, the current 

I2 is greater than /1, thus pulling terminal 6 to a lower voltage level. The balanced 

circuit is designed such that all devices are in saturation. This is achieved by matching 

transistor, CMl, with transistor, CM2, and transistor, CM3, with transistor, CM4 

giving the following relationships. 

w i_w1  
L\ L2 
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Figure 4.8: Comparator Response 
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and I\ = h — 0.5 I3S. 

The resolving power of the comparator, a performance parameter, is related to its 

gain, Av, and can be expressed as, 

AV = VpD 
Av ' 

A plot of the characteristic response is shown in Fig. 4.8. 

The propagation delay of the comparator determines the number of comparisons 

possible per unit time, and is the measure of how quickly the output changes state 

after the input threshold has been reached. Since the load is a minimum size device 

and the pulse period is 10 ns, the delay of the comparator is negligible. 
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Comparator offset voltage will lead to a slightly delayed switching of the compara

tor and the offset voltage will be seen on the far-end of the line. 

Finally, comparison of the far-end line voltage to the supply of the final driving 

stage at a level of approximately 3 V allows for tolerances in these voltage levels so 

that all transistors operate in saturation. 

4.7 Latch 

A basic D-type flip-flop (Fig. 4.9) with a clocked input is used for storing the 

output of the comparator such that the regulator can be directed as to whether it 

should lower or raise the feedback voltage, VT. The clock input is derived as the 

AND function of the clock signal at the driver input and the amplified signal at the 

receiver output, such that the comparator output is sampled at the required moment 

and stored. 
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4.8 Regulator 

The feedback voltage, Vr, is essentially a power supply voltage, requiring a low 

impedance, and which should be substantially unaffected by current surges. It is 

derived from a low pass filter network shown in Fig. 4.10. Transistors, 7W4 and 

M5, are bleed transistors acting as voltage dividers. They maintain an initial VT at 

approximately 3.0 V. Transistor, M3 is the switching transistor which is turned on 

when the comparator output is a low and vice-versa, while, CT, is the smoothing 

capacitor for the supply, Vr. 

Suppose the signal at the gate of transistor, Ml, is a logical '0'. Current flows 

through transistor, MS, to charge the capacitor, CT. Consequently, VT rises steadily 

but slowly. Once Vr rises over its optimum value, the signal at the gate of transistor, 

MS, switches to a logical '1' and transistor, MS is cut-off. Thus, the capacitor 
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discharges slowly through the resistance of transistor, M4. Simulations showing 

these changes are given in Chapter 5. 

4.9 Summary 

Process variations may change device parameters significantly from chip to chip, 

but very insignificantly within one particular chip. Therefore, the clocked reference 

driver, a looped transmission line of fixed length and a receiver are implemented 

per chip for purposes of matching the signal line to the driver. This characteristic 

eliminates the need for matching every signal line to its respective driver, and generate 

its own VR .  

The smoothing capacitor on the regulator is designed to supply a single inverter 

pair. In order to increase the stability of the smoothed capacitor output for use in 

simultaneously switching drivers, the capacitance should be multiplied by the number 

of drivers on chip. Furthermore, the current drive capability of the regulator circuitry 

will also have to be increased by the same factor in order to provide adequate current 

drive for all drivers. 

Using presently available fabrication techniques, smoothing capacitors used for the 

1 V supply and the regulator might be too large to implement as on-chip capacitors. 

But Dey [11] has shown that dielectric thin films with low leakage currents, high 

permittivities and dielectric strengths for large on-chip capacitors will be available in 

the near future. 
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Additional power supplies not economical for integrated circuit manufacture have 

been eliminated and a method for automatic adjustment of the output impedance of 

fast CMOS drivers has been shown. 

The next chapter presents results obtained from SPICE simulations. 
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CHAPTER 5 

SIMULATION RESULTS 

SPICE, a transistor level simulator which incorporates a model for a single trans

mission line, was used for simulation purposes, with a 1.2 /.im CMOS n-well MOSIS 

process, a 50 f) line with a 1 ns delay, a pulsewidth of 3 ns and frequency of 100 

MHz. Fig. 5.1 shows the block diagram of the Self Adjusting CMOS Transmission 

Line Driver. The SPICE input file together with the 1.2 /im CMOS MOSIS process 

parameters, device sizes and a detailed circuit diagram, are given in Appendix A. 

5.1 Circuit Simulation 

Figure 5.2 shows the level shifting for the far-end line voltage and the 1 V supply 

together with the output from the differential amplifier. The comparator switches 

state when the far end of the line is at a higher potential than the reference 1 V 

supply. The high sensitivity of the comparator can be judged by the switching of 

waveform at node 6 (V6), the comparator output, for small increases in the far-end 

line voltage at node 3 (V3), compared to the 1 V reference supply to the final driver 

stage. 
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Figure 5.3 shows the time when the comparator output is held in the latch. This 

ensures that the comparator output is only stored on the transmission of a logical 

high, and not while comparing the voltage of a passive line to the 1 V supply. The 

precise timing for storing the comparator output is highlighted. 

The pattern of the feedback voltage, Vr, with the regulator switching is shown in 

Fig. 5.4. When Vr rises, the driver on-resistance is lowered to match the line. When 

the driver on-resistance falls below the line impedance, the regulator input switches 

state, resulting in the decay of VT and an increase in RD• 

Figure 5.5 shows the far end line voltage for ideal process parameters, without the 

feedback path. At steady-state, after about 5 pulses, the far-end line voltage deviates 

approximately 3% from the nominal 1 V reference supply. Variations in the process 

parameters by 33%, result in a far-end line voltage deviation of approximately 20% 

from the nominal value of 1 V. Process variations are modeled here as only variations 

of the transconductance parameter, 

K = /.iC0X . (5.1) 

This is illustrated in Figs. 5.6 and 5.7, with the feedback voltage set to a design 

specified value of approximately 3 V. On the other hand, applying feedback reduces 

this deviation to approximately 2%, as can be seen in Figs. 5.8, 5.9 and 5.10. 

The notches on the far end line voltage pulse can be attributed to pin capacitance 

loading effects. Their time constant is expressed by the product of the line impedance 
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and pin capacitance. Furthermore, the feedback voltage waveform displays dips re

sulting from current drawn during transistor switching. 

Fig. 5.11 shows circuit operation with a 50 degree celcius increase in the operating 

temperature, while Fig. 5.12 shows circuit operation with a 27 degree celcius decrease 

in the operating temperature. Levels of operation are shifted by small amounts due 

to temperature dependance of the level shifter circuit and the derived 1 V supply 

circuit. 

Fig. 5.13 shows circuit operation with a 10% increase in the supply voltage, while 

Fig. 5.14 shows circuit operation with a 10% decrease in the supply voltage. The 

steady state is reached at a lower level than the 1 V reference for the circuit with a 

lower supply because all voltage levels are down shifted due to a lower supply voltage. 

5.2 Switching Noise 

Reflection noise, coupled noise, and switching, (A I ) ,  noise are generally of concern 

to a package designer. Reflection noise has been minimized by matching the driver 

on-resistance to the transmission line impedance. Coupled noise or crosstalk is caused 

by electromagnetic interactions between signal lines in close proximity and can be 

reduced by increasing the spacing between the lines. Switching noise, a negative 

inductive voltage across the effective package inductance at the instant the driver is 

turned on, can cause loss of data within the system. 
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Figs. 5.15a and 5.15b show the currents through the drain of Ml, IDD, and source 

of M2, Issi of the series terminated driver in Fig. 4.2 for the circuit without feedback 

and with feedback, respectively. From these results it can be concluded that the 

feedback path reduces driver switching noise since the peak instantaneous current at 

the moment of switching is higher for the circuit without feedback. 

5.3 Driver Characteristics 

The adaptive driver designed allows the driver impedance to track the line impedance, 

with the maximum difference in the impedance not exceeding 3% for worst case pro

cess variations of approximately 33%. Table 5.1 gives the percentage deviations of 

the far-end line voltage from the 1 V reference supply voltage for variations in the 

transconductance parameter. 

Transconductance 
Parameter 

Percentage Deviation of the far end line 
voltage with respect to the 1 V reference 

Transconductance 
Parameter 

Without Feedback With Feedback 
Nominal 3% 3% 
33% low 13% 3% 
33% high 18% 3% 

Table 5.1: Comparison between the circuit with feedback and without feedback. 
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Figure 5.2: Comparator Switching and Level Shifting. 
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Figure 5.3: Latch Timing for Feedback Control. 
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Figure 5.4: Feedback Voltage for Controlling the Driver On-resistance. 
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Figure 5.5: Far end Line Voltage for Ideal Process Parameters without the Feedback 
Path. 
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Figure 5.6: Far end Line Voltage, without the Feedback Path for a 33% increase in 
the Transconductance Parameter. 
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Figure 5.7: Far end Line Voltage, without the Feedback Path for a 33% decrease in 
the Transconductance Parameter. 
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Figure 5.8: Far end Line Voltage, with Feedback for Ideal Process Parameters. 
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Figure 5.9: Far end Line Voltage, with Feedback for a 33% increase in the Transcon-
ductance Parameter. 
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Figure 5.10: Far end Line Voltage, with Feedback for a 33% decrease in the Transcon-
ductance Parameter. 
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Figure 5.11: Feedback Voltage and the far-end line voltage for a increase in operating 
temperature. 
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50.00 Time[ns] 

Figure 5.12: Feedback Voltage and the far-end line voltage for a decrease in operating 
temperature. 
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Figure 5.13: Feedback Voltage and the far-end line voltage for an increase in the 
suppl}' voltage 
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Figure 5.14: Feedback Voltage and the far-end line voltage for a decrease in the 
supply voltage 
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Figure 5.15: Current Transients for (a) Circuit without Feedback (b) Circuit with 
Feedback 
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CHAPTER 6 

MATHEMATICAL MODEL FOR FEEDBACK 

Analysis of the feedback path provides insight into the dependence of the driver 

on-resistance on various device parameters. The regulator, and the final stage of the 

series terminated transmission line are modeled as non-linear circuits, the transmis

sion line is treated as a delay element, and the comparator and latch are treated 

as switches, which decide the state of operation, as shown in Fig. 6.1. The driver is 

mathematically represented in terms of non-linear resistors, while analytical solutions 

for the feedback voltage, Vr, for all operating conditions are made available in this 

chapter. Knowledge of Vr in the different operating states allows the calculation of 

the driver on-resistance. 

6.1 Series Terminated Line Driver 

The final driving stage is is used to derive a mathematical model for the driver. 

Assuming that the internal capacitances of the transistors have a negligible effect on 

the switching circuits, the driver equivalent circuit is obtained by replacing the MOS 

transistors by the appropriate model and the final circuit is shown in Fig. 6.2. The 
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DRIVER 

REGULATOR 
7 

LOGIC REGULATOR LOGIC 

COMPARATOR 

Figure 6.1: Driver Model 

voltage at the near-end of the reference line, V2, is expressed as, 

1 RmZo V2 = 
+ tShIo RD2 + Z0 

Therfore, 

where, 

and 

V2 = RD2 

+ 1) + Rd2 

RDI = 
VDDL 

KW{VR - VTN)2 

RD2 — 77 
VDDL 

KW{VT - VTP)2 

(6.1) 

(6.2) 

(6.3) 

(6.4) 
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Figure 6.2: Equivalent Circuit of the final driving stage 

Vdd 

Figure 6.3: Equivalent Circuit of the Regulator. 

with RDI = RD2 being the on-resistance of the driver, L, being the device length; 

W, being the device width; VT being the threshold voltage; VT being the feedback 

voltage; and Vi is the near-end line voltage. 

6.2 Regulator 

The regulator, Fig. 6.3, is a low pass filter with /?3, i?4 and R5 being on-resistances 

of transistors M3, MA and Mb (Fig. 5.1), with their resistances dependent on the 
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feedback voltage, VT, device geometry and process parameters. Due to the large 

smoothing capacitance, Cr, and a small peak to peak value of Vr, Vr is assumed 

constant for a single pulse period. The internal capacitances of transistors M3, MA 

and M5 are neglected because CT is the dominant capacitance. When transistor M3 

is turned on, the capacitance, Cr, charges through the resistance of transistors, M3 

and M5, and the operation of the regulator is mathematically defined as, 

VDD(R5 + R3) „dVr i Vr , VR(R5 + R3) 

R5R3 "  d t +  r4
+ r5r3 ' {bl5) 

and when transistor, M3, is turned off, the capacitor, C r ,  discharges through the 

resistance of transistor, M4, with a mathematical expression, 

r dVr tR C'~F = -T< • (6'6) 

The on-resistances of the transistors are defined as, 

LA Rd = 
I<NWa{VT - VTN) ' 

Ls 
RS KNW5{ V D D - V T - V TN )  A U D  

i?3 = — 
3 I<pW3{VDD - VT P )  '  

(6.7) 

because Vr has a peak to peak fluctuation of approximately 0.3 V. with, L, being the 

device length; W, being the device width; KN, being the transconductance parameter 

of the n-channel device; Kp, being the transconductance parameter of the p-channel 

device; VTN, being the threshold voltage of the n-channel device; and VTP, being the 

threshold voltage of the p-channel device. 
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6.3 States of Operation 

A pulse train is applied to the input of the driver, V*n, as shown in Fig. 6.4, 

and differential equations for the four operating conditions listed below, have to be 

derived. 

1. High at V;n for RD > Z0, 

2. Low at Vin for RD > Z0, 

3. High at Vjn for RD < ZQ, 

4. Low at V in for RD < Z0. 

with RD, being the driver on-resistance and, Zo, being the characteristic line impedance, 

For the first condition, a logic high is applied at the input terminal of the driver, with 

the driver on-resistance being greater than the characteristic line impedance. This 

makes the voltage at the far-end of the line smaller than the 1 V reference supply 

voltage. Therefore, the comparator output switches to a logic low and the latch 

transfers this output to the input of the regulator. Consequently, the regulator is 

switched on and is mathematically defined by Eq. 6.5 rewritten as, 

dVr ^ VDD(R5 + RS) Vr VR(R5 + R3) 

dt R5R3 R.i R^Rz 
(6.8) 

Inserting Eqs. 6.7 leads to 

(IV 
Cr^- = G + HVr + IVr\ (6.9) 
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where, 

G = l. + M^£.lVBB.^Nh 

H = '1^(VTN - 2VDD) + K"W.tV™ and , 
i'S ^4 

j = 
KnW5 KnW* 

Eq. 6.9 yields, 

/•MO ciy ft 
CT / * TT/. = dt, (6.10) 

JvT(t=o) G + HVT + IV? Jo v y 

where the circuit is designed for VT(t = 0) to be approximately 3.5 V, allowing for 

variation from 2 to 5 V as a result of feedback adjustment. The denominator can be 

factored as, 

IV,2 + HV, + G = / (V? + JV' + J) = '(V- - «)(K - !'), 

where „ = ^ J = _ 

with J = y and K = j. 

Integrating Eq. 6.10 and inserting initial conditions gives, 

~(Vr - a){3.5V - 6)' (a - 6)7* , 
—c^ = ln Vr - b){3.5V - a) 

(6.11) 

which leads to the solution for the first state of operation, 

a(b-3.5)+ b(3.5-a)e^El 
Vr ~ iZ^bJTt — Vrl (6.12) 

6 — 3.5 + (3.5 — a)e~ct~ 

For the second operating state, a logical low at V*n follows the first state, with the 

driver on-resistance being greater than the characteristic line impedance. Therefore, 
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the input of the regulator remains unchanged and the regulator differential equation 

is defined as, 

1 f  r  = f r { 1 )  i v —dvv h) • (6-13) Jt1 CT JVr^t!) (Vr - a )(Vr- b )  

The solution for the second state of operation is, 

V + >C7' . 
^*2 ~~ (a—6)/((—(•,) (6.14) 

b - V r ( h )  +  ( V T ( U ) - a ) e  ^  

Once the driver on-resistance has been lowered and the far-end line voltage exceeds 

the 1 V reference supply, the comparator ouput switches to the high state, resulting 

in the regulator being turned off. Consequently, the capacitor, CT, discharges through 

the resistance of transistor, MA, and the feedback voltage, Vr, can be defined as, 

r i v'- v' i, 
CrlT " ~R • (6'15) 

4 

Substituting R4 gives, 

r*(0 dVr ft dt 

J v r ( i=t2) LVr - MVr
2 J t 2  Cr ' V ' 

where, 

L =  VTNKNWA 

M = 

L4  
KNWA 

Applying partial fractions, the integral is expressed as, 

1 fv<•(') 1 M c l  dt 
7 /  v + 7  VH7 d]/r= /  7 T -  ( 6 - 1 7 )  L Jvr(t=t2) YVT L — MVR JT2CR 
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Solving for VT3 yields, 

V„- WW.*"-' ( 

I-MVr(i2) + MK(<2)e^"i2) 

Finally, on the logic low state at the input V;„, for the driver on-resistance being 

greater than the characteristic line impedance, the regulator input stays unchanged 

and the feedback voltage is defined by, 

VH_ M < 1 | .  ( 6 , 9 )  
L - MVr{ta) + MVr(t3 ) e ^ l i - i 3 )  

Using these solutions for the feedback voltage, the driver on-resistance can be 

computed at any instant using the driver on-resistance equation, 

jo VDDL 
KD :— 

I\W(Vr - Vt)2 
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CHAPTER 7 

CONCLUSIONS 

7.1 Summary 

A technique for driving transmission lines between CMOS chips with impedance 

matching has been presented, without using the 0.5 V, —5 V and 1 V power supplies. 

The simulation assumed a transmission line with no losses. The final NMOS stage 

of the series terminated driver is used as a variable resistor by operating the devices 

in the linear region and varying the gate to source voltage as a means of controlling 

their output resistances. This allows a significant size reduction in the output driving 

stage, which further reduces the number of stages in the driver cascade and the overall 

driver delay. Thus it is not necessary to use an external resistor for termination 

purposes. Simulation results demonstrate an operating frequency of 100 MHz, while 

design modifications could accommodate an even faster circuit. 

This type of a reference driver would be implemented on every chip, to be used 

as a control for all other on-chip drivers with similar dimensions. The circuit takes 

approximately 5 pulses to settle into its steady state of operation which would occur 

during the turn on time of the system into which it is incorporated. The feedback 
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minimizes signal reflections, thereby reducing switching noise and eliminating spuri

ous switching of the receiver. 

For proper operation of such signalling channels, all oscillations due to switching 

and reflections must die out sufficiently before the new signal can be transmitted. 

Since the adaptive circuit described in this thesis shows almost no reflections a dra

matic improvement in the circuit operating speed is attained. The use of an NMOS 

driver output stage eliminates the possibility of latch-up when signal levels fall below 

zero volts at the near-end of the line. Finally, product yield is improved because wider 

variations of device parameters can be tolerated when feedback is used. Furthermore, 

the design is practical for implementation. 

7.2 Suggestions For Future Work 

Designing a series-terminated driver for a given line impedance would involve 

tedious calculations for driver device sizes and circuit testing at each individual design 

stage. A CAD program with swift response is an effective solution to this problem. 

Such a program can be developed around a data base consisting of precomputed 

electrical parameters for a given driver size and vice-versa. Once a data base is 

developed, electrical parameters for a given driver size, or driver sizes for electrical 

parameters can be determined from tables. The data base would greatly improve 

design time and would be structured in the manner described by Hohl et al.[19, 20]. 
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Furthermore, detailed studies on temperature and supply voltage dependance can be 

conducted as another project. 
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Appendix A 

SPICE Model and Input File for the Adaptive Driver 

Circuit. 

A detailed circuit diagram of the adaptive transmission system is shown in Fig. A.l, 

with models of the hierarchy shown in Figs A.2, A.3, and A.4, and the corresponding 

SPICE input file is as follows: 

sysC7 

Vin 1 0 pulse(0V 5V Ons 0.5ns 0.5ns 3.5ns 10ns) 

VG 21 0 pwl(0 0 0.1ns 5) 

.subckt lVsupply 2 

Vdd 8 0 DC 5.0 

SMI 2 2 8 8 mp w=140u l=lu 

SM2 2 8 0 0 mn w=75u 1=1.7u 

cl 2 0 InF 

.ends lVsupply 

.subckt DRIVER1 3 10 6 2 

Vdd 8 0 DC 5.0 

Ml 3 4 2 0 mn w=140u l=lu 



M2 2 5 0 0 mn w=105u.l=lu 

DDM3 5 7 6 6 mp w=31u l=lu 

DDM4 5 7 0 0 mn w=12u l=lu 

DDM5 7 9 8 8 mp w=9u l=lu 

DDM6 7 9 0 0 mn w=3.6u l=lu 

DDM7 9 10 8 8 mp w=2.5u l=lu 

DDM8 9 10 0 0 mn w=lu l=lu 

DDM9 4 11 6 6 mp w=40u l=lu 

DDM10 4 11 0 0 mn w=16u l=lu 

DDMll 11 12 8 8 mp w=12u l=lu 

DDM12 11 12 0 0 mn w=4.8u l=lu 

DDM13 12 13 8 8 mp w=3u l=lu 

DDM14 12 13 0 0 mn w=lu l=lu 

DDM15 13 10 8 8 mp w=2.5u l=lu 

DDM16 13 10 0 0 mn w=lu l=lu 

.ends DRIVER1 

.subckt line 2 1 

T1 2 0 3 0 Z0=50 TD=lns 

Cpl 2 0 3pF 

Cp2 3 0 3pF 

.ends line 



.subckt RECEIVER 1 6 < 

Vdd 8 0 DC 5.0 

REMl 2 2 8 8 mp w=30u l=lu 

REM2 2 2 3 0 mn w=20u l=lu 

REM3 4 2 8 8 mp w=30u l=lu 

REM4 4 2 1 0 mn w=20u l=lu 

REM5 5 4 8 8 mp w=7.5u l=lu 

REM6 5 4 0 0 mn \v=3u l=lu 

REM7 6 5 8 8 mp w=2.5u l=lu 

REM8 6 5 0 0 mn w=lu l=lu 

REM9 3 3 8 8 mp w=2u l=2u 

REM10 3 8 0 0 mn w=6u l=lu 

.ends RECEIVER 

.SUBCKT NAND 1 2 3 

VDD 4 0 DC 5V 

NAiMl 5 2 0 0 MN W=lu L=1U 

NAM2 3 1 5 5 MN W=1U L=1U 

NAM3 3 1 4 4 MP W=2.5U L=1U 

NAM4 3 2 4 4 MP W=2.5u L=1U 

.ENDS NAND 

.SUBCKT NOT 1 2 



VDD 3 0 DC 5V 

NMl 2 1 0 0 MN W=1U L=1U 

NM2 2 1 3 3 MP W=2.5U L=1U 

.ENDS NOT 

.subckt AND 12 4 

AX1 1 2 3 NAND 

AX2 3 4 NOT 

.ends AND 

.subckt level 4 5 2 3 

Vdd 8 0 DC 5.0 

LaMl 1 1 S 8 mp w=4u l=lu 

LSM2 110 0 mn w=lu l=10u 

LSM3 2 1 8 8 mp w=lu l=lu 

c2 2 0 lpF 

LSM4 0 4 2 8 mp w=lu l=lu 

LSM5 3 1 8 8 mp w=lu l=lu 

LSM6 0 5 3 8 mp w=lu l=lu 

.ends level 

.subckt COMPARE 5 6 4 12 

Vdd 8 0 DC 5.0 

Vss 2 0 DC 0.0V 



CMM1 3 5 21 2 MN W=3U L=lu 

Vml 21 7 DC 

Vm2 22 7 DC 

CMM2 4 6 22 2 MN W=3U L=1U 

CMM3 3 3 8 8 MP W=2U L=1U 

CMM4 4 3 8 8 MP W=2U L=1U 

CMM5 7 1 2 2 MN W=2.5U L=1U 

CMM6 1 1 2 2 MN W=1U L=1U 

CMMll 11 4 8 8 MP W=2.5U L=1U 

CMM12 11 4 0 0 MN W=1U L=1U 

CMM13 12 11 8 8 MP W=2.5U L=1U 

CMM14 12 11 0 0 MN W=1U L=1U 

I 8 1 DC 40UA 

.ends COMPARE 

.subckt latch 13 6 7 

LX1 1 2 NOT 

LX2 1 3 4 NAND 

LX3 2 3 5 NAND 

LX4 4 7 6 NAND 

LX5 5 6 7 NAND 

.ends latch 
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.subckt regulator 5 6 

Veld 8 0 DC 5.0 

M3 6 5 8 8 mp w=1.4u l=lu 

Cr 6 0 10pF 

M4 6 6 0 0 mn w=lu l=30u 

M5 8 8 6 0 mn w=lu 1=4.5u 

.ends regulator 

XI1 14 lVsupply 

XI 14 1 12 2 DRIVERl 

X2 2 3 line 

X3 3 4 RECEIVER 

X4 1 4 9 AND 

X9 14 3 15 16 level 

X5 16 15 101 6 COMPARE 

X6 6 9 702 20 latch 

X12 20 21 7 NAND 

X10 7 12 regulator 

.MODEL MN NMOS LEVEL=2 PHI=0.600000 TOX=2.1400E-08 XJ=0.200000U 

TPG=1 

+ VTO=0.7556 DELTA=1.1800E+00 LD=8.9330E-08 KP=9.6511E-05 

+ UO=598.1 GAMMA=0.5751 NSUB=2.5940E+16 
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+ NFS=4.9990E+12 VMAX=l.S980E+05 

+ RSH=110.0 CGDO=2.1622E-10 CGSO=2.1622E-10 CGBO=3.1669E-10 

+ CJ=3.2910E-04 MJ=0.8063 CJSW=4.0611E-10 MJSW=0.140973 PB=0.800000 

.MODEL MP PMOS LEVEL=2 PHI=0.600000 TOX=2.1400E-08 XJ=0.200000U 

TPG=-1 

+ VTO=-0.9496 DELTA=1.1030E+00 LD=1.0000E-09 KP=3.1062E-05 

+ UO=192.5 GAMMA=0.4841 NSUB=1.8380E+16 

+ NFS=4.9990E+12 VMAX=3.2310E+05 

+ RSH=135.8 CGDO=2.4204E-12 CGSO=2.4204E-12 CGBO=3.5124E-10 

+ CJ=4.S520E-04 MJ=0.4983 CJSW=1.4936E-10 MJSW=0.191700 PB=0.850000 

.TRAN 0.2ns 159NS 

.WIDTH OUT=80 

.options acct=le-9 

.options RELTOL=0.003 

.options abstol=lnA 

.options vntol=lmv 

.END 
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Figure A.l: Detailed Circuit Diagram of the Adaptive Driver Circuit 
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