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A 3.3-V Low-Power Compact Driver for Multi-Standard
Physical Layer

Joon-Young Park, Jin-Hee Lee, and Deog-Kyoon Jeong

Abstract—A low-power compact driver for multi-
standard physical layer is presented. The proposed
driver achieves low power and small area through the
voltage-mode driver with trans-impedance configuration
and the novel hybrid driver,. In the voltage-mode driver,
a trans-impedance configuration alleviates the problem
of limited common-mode range of error amplifiers and
the area and power overhead due to pre-amplifier. For a
standard with extended output swing, only current
sources are added in parallel with the voltage-mode
driver, which is named a ‘hybrid driver’. The hybrid
architecture not only increases output swing but reduces
overall driver area. The overall driver occupies 0.14
mm’. Power consumptions under 3.3-V supply are 24.5
mW for the voltage-mode driver and 44.5S mW for the
hybrid driver.

Index Terms—Multi-standard driver, voltage-mode
driver, trans-impedance configuration, hybrid driver

1. INTRODUCTION

As deep submicron processes are used in mixed-mode
communication chips, designers of analog circuitry are
faced with an unavoidable obstacle — low supply
voltage, whereas designers of digital systems enjoys the
benefits of high speed, small device size, and low power
consumption. The reduction of supply voltage directly
decreases the dynamic range of an output driver while
several output drivers still require a large voltage swing to
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Fig. 1. Block diagram of multiplexed drivers for multiple
signaling specifications.

comply with the existing legacy standard. For example, a
recent 1000BASE-T physical layer chip can support not
only 1000BASE-T, but also 10BASE-T and
100BASE-TX [1-3]. For this purpose, this chip includes
interface circuits for each specification because each of
them needs different output signaling level. The driver is
selected by multiplexer according to operation mode as
depicted in Fig. 1. This architecture requires large area
due to many drivers for their own specifications.

This paper describes a low-power compact driver
which is adequate for the application supporting
multi-standard physical layer. Employment of a
voltage-mode driver for small signaling output results in
low power consumption; a new hybrid driver for large
signaling reduces power consumption compared with a
conventional current-mode driver. Furthermore, the
overall chip area can be significantly reduced since the
proposed hybrid driver can share many sub-blocks of a
voltage-mode driver.

In the next section, two types of driver, a voltage-mode
and a current-mode driver are compared in the point of
power consumption. In section III, the proposed
voltage-mode driver is described. Section IV describes a
new hybrid driver. The realization and experimental results

are discussed in section V. Finally, a conclusion is drawn.
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I1I. VOLTAGE-MODE DRIVER AND
CURRENT-MODE DRIVER

Driver types can be classified into two categories,
current- mode and voltage-mode depending on output
impedance of a driver. To eliminate signal reflections at
source, a current-mode driver employs a termination
resistor connected in parallel. On the other hand, a
voltage-mode driver uses a series termination resistor as
shown in Fig. 2. Since a shunt configuration of a
termination resistor requires additional current, a
current-mode driver consumes larger power than a
voltage-mode driver. However, minimum supply voltage
of a voltage-mode driver is double of maximum output
swing because it must accommodate the voltage drop

across a series termination resistor.
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Fig. 2. Conventional (a) current-mode driver and (b)
voltage-mode driver.
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Fig. 4. Proposed voltage-mode driver.

When a sinusoidal wave V sinwt, is launched to a
transmission line with a current-mode driver and a
voltage-mode driver, respectively, the power dissipation
P,y of each driver can be derived as follows. _

In a differential current-mode driver, the output voltage

V, and V. are determined as

VA(I)=[VDD—%Vm]+%Vmsinmt (1)
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Total current of the current-mode driver and power
consumption is

Vo=V, Vop=V3 V,
L,O)=1+1;= DDZ t DZ A:Z_m (@3]
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In case of a differential voltage-mode driver, load current
Io is determined with output voltage Vo and load

resistance Zo.
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Since load current originates from a voltage-mode driver,
power consumption of the voltage-mode driver can be
represented with load current 1. Then, average power is
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From (2) and (4), we can see that a voltage-mode driver
consumes only 32% of the power of a current-mode
driver. Thus, a voltage-mode driver may be a good
solution for a low power application.

III. VOLTAGE-MODE DRIVER

Many conventional voltage-mode drivers employ a
pseudo-source amplifier depicted in Fig. 3 as an output
buffer for large signaling and low output impedance [4],
[5]. When a current-steering DAC is employed for a
multi-level amplifier

application, a pseudo-source

requires a current-to-voltage converter, generally
implemented as a pre-amplifier. This results in additional
In addition, this

architecture has the limited output voltage swing problem

area and power consumption.
due to the limited input common-mode range of error
amplifier. One solution to prevent this problem is
increasing the size of the output transistors. Another
solution is designing the improved version of an error
amplifier [6], [7].

In this
trans-impedance configuration is proposed to resolve the

paper, the voltage-mode driver of
above problems. In ‘the conventional pseudo-source
amplifier, error amplifiers and output transistors form the
unity gain amplifier like Fig. 3. On the other hand, in the
proposed voltage-mode driver, error amplifiers and
output transistors form the inverting amplifier with a
resistor R as depicted in Fig. 4. For the negative half of
the output voltage swing, an amplifier Ay, a NMOS
transistor My, and a resistor R form a negative feedback
loop which makes the input voltage V4 to be a
common-mode voltage V¢ which is a half Vpp.
Conversely, the positive half circuit is formed with Ap,
Mp, and R. Since V, is kept to V¢, the output voltage
becomes Vo=Vc—Ii,'R, when the input current I;, is
applied to the input node. This organization of the
proposed driver utilizes a current input, which can
minimize the power and area overhead of a pre-amplifier.

The amplifiers (A, Ap) in the proposed driver need to
have a relatively low gain; otherwise, a typical input
offset voltage of tens of mV will cause a huge change in
the output quiescent current. Therefore, the gain is
generally around 10 [8]. The circuit diagram of a
negative-half amplifier is shown in Fig. 5. A positive-half

amplifier is the dual of a negative-half amplifier. The
amplifier is composed of a simple differential amplifier
with an unbalanced current mirror (M3, M,) and a diode-
connected transistor (Ms) which limits the amplifier’s
gain. Assuming that the output resistances of the
transistors are large, the amplifier’s gain is derived as

A=(2 e/ )- (Y2 =1/2) ®)

Where gm pmos ad Emnmos are the transconductances of the
transistors, M;(or M;) and M3, respectively, and o is the
split factor of M, and M. As the equation (5) shows, the
gain is limited and controlled by a.

Since one input of error amplifier is large swing
driver output in a conventional pseudo-source amplifier,
error amplifier output is limited. In the proposed
architecture, however, the gate voltage of both M, and
M, is retained at the value of the common-mode voltage
Vc. This prevents the problem of the error amplifier
output limitation. The maximum output voltage of the
error amplifier (Vog max) 18

VOE,max =V.- VTH,MZ (6)

where Vi is the threshold voltage of NMOS transistor
M. Since Vo max is independent to the driver output unlike
a conventional pseudo-source amplifier, the error amplifiers
can provide good drive capability for the output transistor
gate regardless of the driver output voltage. Additionally,
the size of output transistors can be reduced as far as the
desired driving current can be driven.

Generally, the distortion of output signal is decreased
as the quiescent current of the output driver is increased.
However, the increased current induces larger power
consumption. Thus, the quiescent current should be
determined to provide both sufficient linearity and low
power consumption of output driver. The quiescent
current of the proposed voltage-mode driver can be
simply represented by the ratio between the load
transistor of the error amplifier and the output transistor.
Assuming that the driver output voltage is equal to the
common-mode voltage V¢ so that the drain currents of M,
and M, are equal to Ip/2, the quiescent current is

I,=a B-(1,/2) (7

q
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where I is the bias current of the amplifier and B is the
ratio of My to Ms. From (7), the quiescent current can be
reduced to any desired value by adjusting the transistor
ratio of M3, My, M5 and My. In reality, the size of M, can
be slightly modified from (1-a)W, to account for any
effect of output resistance of the transistors, and to adjust
the amount of quiescent current more precisely.

The low output impedance is important in a
voltage-mode driver for driving low impedance
transmission lines such as UTP cables of differential
100-Q impedance. In this case, the sum of a driver’s
output impedance and series termination resistance
should be 50Q2 — the alternative 50Q is included in the
other driver. In the proposed driver shown in Fig. 4, the

output impedance is determined as
R, = ru,MN/(1 + gm,MNro.MNA) = 1/(gmA) ®)

where A is the gain of error amplifier, 1,y is the output

resistance of My, and gy, mx i8 the transconductance of My.

The PMOS output transistor My operates symmetrically
as My. In case of an ideal class AB operation, the pull-up
and pull-down circuits are balanced. Then, only one of
the two half circuits operates and affects the overall signal
swing. The output impedance of the implemented driver
is designed to be about 5Q. Therefore, the external
termination resistance is determined to be 45 for
impedance matching with UTP cables.

IV. HYBRID DRIVER

A voltage-mode driver is a good candidate for low
power application. However, output swing is limited by a
supply voltage and series termination resistors. When a
supply voltage is Vpp, maximum differential output
swing is Vpp, and maximum driving current is Vpp/4Zo.
In our design, Vpp is 3.3V and Zg is 50Q. Therefore, the
maximum differential output swing is 3.3V and the
driving current is 16.5mA. For an application which
requires an output swing of larger than 3.3V, a
voltage-mode driver cannot meet this specification under
3.3-V supply.

To overcome the limited output swing of a

voltage-mode driver, a new hybrid driver is proposed as
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Fig. 5. Negative-half error amplifier of proposed voltage-mode
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Fig. 6. Proposed hybrid driver.

shown in Fig. 6. The proposed hybrid driver includes both
the voltage-mode driver and the current sources. The
current sources provide supplementary current in parallel
with the voltage-mode driver. This increases the driving
current for larger output swing. The name “hybrid” comes
from the fact that a voltage-mode driver and two current
sources operate simultancously for transmitting data.
Actually, when the voltage-driver and the current sources
have proper values, all signal currents can be provided
from the current source while the voltage-mode driver
produces only the dynamic termination voltage with no
signal current. This will be explained later in detail.

The operation of the hybrid driver is as follows. When
input data A is high, the voltage-mode driver output Vg,
goes high, and the current sources are switched so that
current I, flows from node X to node Y. The amount of
the required current I to develop output voltage of Vo, is

1 14
1, :Z*O[Voz__zol] ©)
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where Vg, is the voltage of the voltage-mode driver
output as shown in Fig. 6.

In case of 5-Vpp differential output signaling over UTP
cables, Vg is 2.5V and Zg is 50Q. According to (9), I is
decreased as Vo, is increased. Considering the margin of
the voltage buffer output under a 3.3-V power supply,
Vo) is set to 2.5V in the proposed design. Thus, I, is
25mA. When Vg, and Vg, have the same value, no signal
current flows across the source termination resistors
unless there is reflection. Compared with a current-mode
driver with an open-drain current source shown in Fig.
2(b) which requires 100mA current for 5-Vpp differential
output swing, the total current of a hybrid driver is
reduced to about a quarter of that of a current-mode driver
in ideal case.

One of the design difficulties of the proposed circuit is
that the two paths of signal A — one path to the
voltage-mode driver and the other path to the switching
current source — must undergo the same delay.
Otherwise, there could be a current glitch at the output of
the voltage-mode driver during timing skew. All process,
voltage, and temperature variation must be considered to
minimize such a glitch, which can be accomplished with
extensive circuit simulation.

A voltage-mode driver described in section III can be
utilized in the hybrid driver when a voltage-mode driver
output swing is controlled. Because the amount of current
source is smaller than that of a current-mode driver, the
current sources can occupy less area than a current-mode
driver. Therefore, overall area of the driver for multiple
specifications can be reduced compared with a driver

which includes independent drivers.

V. EXPERIMENTAL RESULTS

The proposed driver was fabricated using a 0.13pum

1-poly 8-metal CMOS process with thick-oxide transistor.
The microphotograph of the overall driver is shown in Fig.

7. The die area including a voltage-mode driver, current
sources for a hybrid driver, and a DAC, is 0. 14mm?. The
sizes of the output PMOS and NMOS transistor of a
voltage-mode driver are 300um/0.35um and 150pm/
0.35um, respectively. The test i1s accomplished considering
Ethernet application which needs both 2-Vpp and 5-Vpp

differential output swing.

Fig. 7. Microphtograph of a proposed driver.
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Fig. 8. Measured 5-level 1.8-VPP 125-MHz eye diagram of a
voltage-mode driver over 5-m UTP cable.

Fig. 9. Measured 4.9-VPP 20-MHz waveform of a hybrid
driver over 5-m UTP cable.

Fig. 8 shows a multi-level eye diagram of a
voltage-mode driver measured at the end of a 5-m UTP
cable. The signal is 1.8Vpp at 125-MHz data rate. Fig. 9
shows a hybrid driver waveform for large swing
operation. Signal frequency is 20MHz and a differential
output swing is 4.9Vpp. No detrimental effect is found
on the waveform due to possible mismatches of the two
timing paths. Table 1. summarizes the performance
and characteristics of the implemented driver.
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Table 1. Performance Summary for Overall Driver.

Parameter Value
Technology 0.13pum 1-poly 8-metal with thick oxide
Power Supply 3.3V
Load 1002 (differential)
Output Swing 1.8Vpp (voltage-mode driver)
4.9Vpp (hybrid driver)
Power Consumption  24.5mW (voltage-mode driver)
44.5mW (hybrid driver)
Overall Area 0.14mm*
VI. CONCLUSIONS

An improved voltage-mode driver and a new hybrid

driver have been presented. With the use of
trans-impedance configuration, the common-mode range
problem of error amplifiers in a voltage-mode driver is
removed, thereby simplifying the design. The proposed
hybrid driver which combines a voltage-mode driver and
current sources, reduces power consumption and the
overall area of the driver. With these drivers, a low power
compact driver for multi-standard physical layer can be

achieved.

REFERENCES

[1] P. Roo et al, “A CMOS Transceiver Analog
Front-End for Gigabit Ethernet over CAT-5
Cables,” ISSCC Dig. Tech. Papers, Feb. 2001, pp.
310-311.

[2] I. Everittetal., “A CMOS Transceiver for 10-Mb/s
and 100-Mb/s Ethernet,” IEEE J. Solid-State
Circuits, vol. 33, No. 12, pp. 2169-2177, Dec.
1998.

[3] J. N. Babanezhad, “A 100-MHz, 50-Q, -45-dB
Distortion, 3.3-V CMOS Line Driver for Ethernet
and Fast Ethernet Networking Application,” IEEE
J. Solid-State circuits, vol. 34, No. &, pp.
1044-1050, Aug. 1999.

[4] M. S. Kappes, “A 3-V CMOS Low-Distortion
Class AB Line Driver Suitable for HDSL
Application,” IEEE J. Solid-State Circuits, vol. 35,
No. 3, pp. 371-376, Mar. 2000.

[5] H. Khorramabadi, “A CMOS Line Driver with
80-dB Linearity for ISDN Applications,” IEEE J.
Solid-State Circuits, vol. 27, No. 4, pp. 539-544,
April 1992.

[6] F. “Class-AB

Mistlberger and R. Koch,

High-Swing CMOS Power Amplifier,” IEEE J.
Solid-State Circuits, vol. 27, No. 7, pp. 1089-1092,
July 1992.

[71 J. Kih et al, “Class-AB Large-Swing CMOS
Buffer Amplifier with Controlled Bias Current,”
IEEE J. Solid-State Circuits, vol. 28, No. 12, pp.
1350-1353, Dec. 1993.

[8] B. K. Ahuja et al., “A Programmable CMOS Dual
Channel Interface Processor for Telecommunications
Applications,” IEEE J. Solid-State Circuits, vol.
SC-19, No. 6, pp. 892-899, Dec. 1984.

Joon-Young Park recevied the B.S.,
M.S., and Ph.D degrees in electrical
engineering from Seoul National
University, Seoul, Korea, in 1998,
2000, 2006, respectively. In 2006 he
i o 2. joined Samsung Electronics Company,

Ltd., Gyunggi-do, Korea. His research interests include
high speed 1/O interface and low power CMOS circuit
design.

Jin-Hee Lee received the B.S. and
M.S. degrees in electrical engineering

and computer science from Seoul

National University, Seoul, Korea, in
1999 and 2001, respectively, where
he is currently working toward the
Ph.D. degree. His research interests
include low-power VLSI system and high-speed circuits
for wireline communications.



42 JOON-YOUNG PARK et al : A 3.3-V LOW-POWER COMPACT DRIVER FOR MULTI-STANDARD PHYSICAL LAYER

Deog-Kyoon Jeong received the B.S.
) and M.S. degrees in Electronics
Engineering from Seoul National
University, Seoul, Korea, in 1981
and 1984, respectively, and the Ph.D.
degree in Electrical Engineering and

Computer Sciences from the University of California,
Berkeley, in 1989. From 1989 to 1991, he was with Texas
Instruments, Dallas, Texas, as a Member of the Technical
Staff and worked on the modeling and design of BICMOS
gates and the single-chip implementation of the SPARC
architecture. He joined the faculty of the Department of
Electronics Engineering and Inter-University Semiconductor
Research Center, Seoul National University, as an
Assistant Professor in 1991. He is currently a Professor of
the School of Electrical Engineering, Seoul National
University. He is one of co-recipients of ISSCC Takuo
Sugano Award in 2005 for Outstanding Far-East Paper.
He published more than 60 technical papers and holds 52
U.S. patents. He is one of the co-founders of
NASDAQ-listed Silicon Image which specializes in
digital interface circuits for video displays such as DVI
and HDMI. His main research interests include the design
of high-speed 1/O circuits, phase-locked loops, and
network switch architectures.



