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Theory and Design of CMOS HSTL I/O Pads

To control reflections, the impedance of integrated circuit output pad drivers

must be matched to the impedance of the transmission lines to which the pads

are connected. HP’s HSTL (high-speed transceiver logic) controlled impedance

I/O pads use an on-chip impedance matching network that compensates for

process, voltage, and temperature (PVT) variations.

Transmission line reflections are one of the major factors limiting high-

speed I/O performance. These reflections can be controlled by matching the

driver output impedance to that of the transmission line. Traditional solutions

require the use of off-chip components to implement matching termination

networks. This adversely impacts board density, reliability, and cost.

Integration of the termination network on-chip removes these negative

attributes while providing additional advantages.

In this paper, we review a solution for an on-chip impedance matching network.

Our HSTL (high-speed transceiver logic) family of controlled impedance I/O pads

includes single-ended and differential drivers and receivers, along with com-

pensation circuitry for process, voltage, and temperature (PVT) variations. Mea-

sured HSTL signal integrity in a large, complex board environment is presented.

Parallel versus Series Termination

When I/O signal integrity and speed are of utmost importance, many pad

designers turn to parallel termination networks. Parallel termination eliminates

transmission line reflections. However, parallel termination exacts a costly toll

on power dissipation because a dc component is added to power consumption.

An alternative termination approach is source series termination. In a point-

to-point environment, series termination provides an output driver with a

means to absorb incident waves, effectively damping any reflections in

the transmission line. Matching a driver’s output impedance to that of the

board impedance increases signal integrity and speed while keeping power

dissipation to a minimum.
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Source series termination is easily implemented with two
components: a low-impedance output driver and a preci-
sion series resistor. To decrease factory costs and con-
serve board space, it is desirable to replace the printed
circuit board precision series resistor with an on-chip,
PVT-compensating resistor.

Output Driver

The single-ended output driver, shown in Figure 1, has
two major components: a push-pull driver and an on-chip
series termination resistor. The three components that
form the termination resistor are the driver NFET resis-
tance RDS, an n-well resistor RESD for ESD protection,
and RPROG, a programmable resistor between the nodes
PRE and POST. Controlled by on-chip calibration circuitry,
the programmable resistor takes on a range of resistances
to ensure that the driver’s output impedance Ro matches
the transmission line impedance Zo. This allows reflec-
tions to be completely absorbed in the driver regardless
of process, temperature, and voltage fluctuations. Thus:

Ro� RDS� RPROG� RESD� Zo.

RPROG is tuned by turning on and off various combina-
tions of transfer NFETs with a six-bit binary word. Each
bit in the binary word, PROG[5:0], controls a transfer gate

in the programmable resistor array. The NFETs have con-
ductances corresponding to their binary weighted bit
positions in PROG[5:0]. For example, if PROG[0] controls a
transfer gate with conductance of G, then PROG[1] con-
trols a transfer gate with a conductance of 2G. The resis-
tance of RPROG decreases as the binary count PROG[5:0]
increases. In effect, as the binary count increments, more
resistors are added in parallel in the NFET array.

Calibration Circuitry

The calibration circuitry (Figure 2) is designed to pro-
gram all HSTL output driver impedances, Ro, to match
that of an external precision resistor, REXT. During normal
operation, an enable signal, CAL, causes an NFET equiva-
lent in size to an HSTL output driver pull-up NFET to con-
duct. Current begins to flow through the I/O pad through
REXT. This current path forms a voltage divider, where:

VPAD� VDDQ
REXT

REXT� (RDS� RPROG� RESD)
,

or

VPAD� VDDQ
REXT

REXT� Ro
.

Figure 1

PR
O

G
[5

]

PR
O

G
[0

]

PR
O

G
[1

]

PR
O

G
[2

]

PR
O

G
[3

]

PR
O

G
[4

]

PPU

PPD

PRE

VDDQ

VDD

RPROG

W X

PROG[5:0]

W 2X

W 4X

W 8X

W 16X

W 32X

PADPOST

RESD

GND

Single-ended output driver.
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Figure 2
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Calibration circuitry.

VPAD serves as an input to the inverting terminal of the
differential amplifier. The noninverting terminal’s input
voltage is VDDQ/2. This reference voltage is generated
on-chip via a voltage divider. Any difference between the
input voltages of the differential amplifier is perceived as
a resistance mismatch between Ro and REXT. The �V
causes the differential amplifier’s output to program an
up/down counter to increment or decrement its six-bit
output. Upon receiving a clock edge, the up/down
counter drives a new six-bit binary count, PROG[5:0]. This

calibration word is used by the calibration circuitry’s pro-
grammable resistor and distributed to other HSTL driver
programmable resistors. Incremental binary changes in
PROG[5:0] cause incremental resistance changes in the
programmable resistor. Because RPROG is now program-
med to a new value, VPAD obtains a new analog value.
VPAD again acts as an input to the differential amplifier
and the impedance matching process starts over. The cali-
bration action is continuous and transparent to normal
chip operation.
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Figure 3
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Differential driver.

Differential Driver

The differential driver in Figure 3 is the combination of
two HSTL drivers. By knowing the driver’s output resis-
tance, an external parallel termination network can set the
dc operating points to comply with the HSTL differential
specification. The predriver logic is responsible for keeping

the differential clock signals in conformance with the ac
specification.

The predriver logic also performs two other important
tasks. The single-ended-to-differential conversion pre-
serves the input duty cycle while minimizing transients
in the supply currents.
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Figure 4
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Measured Results

Figure 4 depicts a single-ended signal traversing a 6-inch
transmission line. VDEST is the signal received at the end
of the line. Signal integrity can be monitored by examining
the location of the inflection point at the driver (VSOURCE).
An inflection point near half the high logic level (VDDQ/2
for HSTL) indicates that the driver output impedance
matches the transmission line impedance.

Figure 5 shows a differential signal after traveling down
a 6-inch transmission line. VDEST is consistently contained
within the tight HSTL differential specifications because
of the known differential driver output resistance.

Figure 5
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Figure 6
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Overdamped signal.

Figures 6, 7, and 8 illustrate the effects of varying the
driver’s output impedance by changing the external cali-
bration resistor, REXT. In Figure 6 REXT�Zo, in Figure 7

REXT�Zo, and in Figure 8 REXT�Zo. Signal integrity is
maintained when the driver output resistance matches the
transmission line impedance.

Future Work

One potential shortcoming of implementing a parallel
NFET array to mimic a source series termination resistor
is the variation in driver output resistance Ro. Figures 9

and 10 show driver output resistance as a function of
output voltage Vo. Ideally, Ro should be constant over the

Figure 7
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Critically damped signal.
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Figure 8
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Underdamped signal.

range of Vo. However, Ro changes with variations in the
values of VGS, VDS, and the back gate voltage of the trans-
fer and driver NFETs. Figure 9 shows the output resis-
tance changing as the output voltage swings from 0.1V to
1.4V (10% to 90%). Figure 10 illustrates the output resis-
tance as a function of the output voltage swing from a logic
high to a logic low. Notice in Figure 9 that the point at
which Ro�Zo (50�) occurs when Vo�VDDQ/2. This is
because the calibration circuitry tunes the programmable
resistor with the pull-up portion of the output driver at
VDDQ/2. With proper driver width ratioing, the pull-down
driver NFET would also have Ro�50� at Vo�VDDQ/2.

Figure 9
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Figure 10
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However, to help reduce variations in Ro, the crossover
point was shifted towards the high logic level of Vo. For
HSTL I/O applications, this inherent deviation in output
resistance minimally affects signal integrity. For future
applications, it may be worthwhile to investigate alterna-
tive series termination schemes for tighter impedance
matching environments.

Conclusion

A parallel NFET array can be a simple and effective way
of controlling a driver’s output resistance. With an on-chip
source series termination resistor, a chip can communi-
cate at higher frequencies and board space that would nor-
mally contain termination networks is freed. Our family of
HSTL pads has been proven to work at 200 MHz in large,
complex board environments.
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