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Design Techniques for Low-Voltage
High-speed Digital Bipolar Circuits
Behzad Razavi, Member, ZEEE, Yusuke Ota, and Robert G. Swartz, Fellow, ZEEE

Abstruct- This paper describes design techniques for multi- voltage techniques and circuit configurations are described,
gigahertz digital bipolar circuits with supply voltages as low as and in Section IV their performance is compared to that of
1.5 V. Examples include a 2/1 multiplexer operating at 1 Gb/s CMOS circuits. Experimental results are presented in Section
with 1.2 mW power dissipation, a D-latch achieving a maximum
speed of 2.2 GHz while dissipating 1.4 mW, two exclusive-OR V.
gates with a delay less than 200 ps and power dissipation of 1.3
mW, and a bufferhevel shifter having a delay of 165 ps while
11. LOW-VOLTAGE
DESIGNISSUES
dissipating 1.4 mW. The prototypes have been fabricated in a
Reduction of the supply voltage (VEE)of digital bipolar
1.5-pm 12-GHz bipolar technology. Simulations on benchmarks
such as frequency dividers and line drivers indicate that, for a systems entails several device and circuit issues, some of
1.5-V supply, the proposed circuits achieve higher speed than which become particularly important if ~ V E<E2~V. In this
their CMOS counterparts designed in a 0.5-pm CMOS process section, we review these issues and calculate the minimum
with zero threshold voltage.
supply voltage for representative conventional ECL circuits.
The principal difficulty in scaling VEEis that the “tumI. INTRODUCTION
on” potential, i.e., the base-emitter voltage (VBE)of bipolar
VER the past few years, supply voltages below the transistors in forward active region, does not scale linearly
5-V standard have been emerging in many electronic with technology. Since

0

systems. The demand for lower power dissipation and fewer
batteries in applications such as wireless and personal computing has motivated the scaling of supply voltage of digital
circuits down to 1.5 V [l], [2]. This trend is augmented by
the fact that silicon devices are fundamentally constrained
by a (cutoff frequency) x (breakdown voltage) of approximately 200 GHz.V [3], thus requiring lower supplies if their
dimensions are scaled down.
This paper presents design techniques for multigigahertz
digital bipolar circuits that operate with supply voltages as
low as 1.5 V. These techniques are described in the context of
several circuit topologies, namely, a 2/1 multiplexer (MUX),
a D-latch, two exclusive-OR ( XOR) gates, and a buffer/level
shifter. Fabricated in a 1.5-pm 12-GHz bipolar technology, the
multiplexer operates at 1 Gb/s with 1.2 mW power dissipation,
the latch achieves a speed of 2.2 GHz while dissipating 1.4
mW, the exclusive-OR gates exhibit a delay less than 200 ps
and power dissipation of 1.3 mW, and the bufferneve1 shifter
has a delay of 165 ps while dissipating 1.4 mW.
In order to demonstrate the speed advantage of bipolar
transistors over CMOS devices even at low supply voltages,
the performance of the proposed D-latch and buffer/level
shifter is compared to that of their CMOS counterparts. This
comparison is based on the speed of simple benchmarks such
as frequency dividers and line drivers.
The next section of this paper reviews the design issues of
low-voltage digital bipolar circuits. In Section 111, the lowManuscript received July 22, 1993; revised December 28, 1993.
The authors are with AT&T Bell Laboratories, 101 Crawfords Comer Road,
Holmdel, NJ 07733.
IEEE Log Number 9216474.
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vTln IC
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where VT = kT/q, IC is the collector current, and IS is the
reverse saturation current, we note that device parameters and
current levels have only a weak influence on the magnitude of
VBE.In practice, current density of bipolar transistors ( I c / I s )
has either remained constant or increased, leading to the same
trend for VBE.Since in current technology, VBEx 0.8 V, in
a 1.5-V system any dc path from ground to VEEmust include
no more than one base-emitter junction, thus prohibiting the
use of topologies in which emitter followers drive differential
pairs or other emitter followers.
Another difficulty in designing low-voltage digital bipolar
circuits is that the voltage swings typically employed in
conventional ECL circuits cannot be arbitrarily scaled because
the minimum value of these swings is determined by noise
margin and error budget considerations. For example, as shown
in the Appendix, a bipolar differential pair requires a minimum
input voltage swing of approximately 5.5 VT to reach its unitygain points, a value that does not easily scale with technology.
In reality, the voltage drop across the emitter resistance must
be added to this value and errors due to incomplete switching,
finite current gain, and voltage drops along supply lines must
be taken into account, thereby dictating minimum voltage
swings of several hundred millivolts.
In order to maintain a high speed, bipolar transistors must
not enter heavy saturation, i.e., their base-collector forward
bias voltage must not exceed approximately 400 mV. This
constraint translates into a minimum collector-emitter voltage
(VCE)of about 400 mV, and together with a VBE of 800
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~ 600 mV, the minimum supply
heavy saturation. For V C E=
voltage of this circuit is approximately 1.9 V.
While the choice of the voltage drop across the tail current
source in the above circuits is somewhat arbitrary, the approximate value of 500 mV represents a practical minimum in many
systems. This point is discussed further in the next section.
111. LOW-VOLTAGE
CIRCUITS
A. Signal Levels and Voltage Swings
The signal levels and voltage swings employed in this work
are depicted in Fig. 2. These levels are similar to those used in
VEE
[4]. All circuits generate 400-mV (single-ended) or 800-mV
(differential) outputs. To perform functions such as clocking
(a)
(b)
Fig. 1. Representative conventional ECL circuits: (a) inverter, (b) stacked and multiplexing, two types of signals-herein called Type I
differential pairs.
and Type 11-are used. In Type I, the signals swing between
0 V and -400 mV, and in Type I1 between -200 and -600
mV. As will be seen in the actual circuits later, the 200-mV
difference between the common-mode levels of Type I and
Type I1 in essence provides a half logic level [4], allowing the
I
I
control of differential pairs by means of clamp devices. For
reliable operation, the high level of Type I must be sufficiently
higher than the high level of Type 11, and the low level of Type
I must be sufficiently lower than the high level of Type 11.
In order to establish the level shift required for Type I1
signals, a resistor RSH is used as shown in Fig. 2(b). The
designs presented here generate Type I1 outputs; if Type I is
needed, RSH can be set to zero.
VEE
VEE
The bias currents of differential pairs and emitter followers
(a)
(b)
are produced using resistors tied from their respective emitters
Fig. 2. Signal levels and swings used in the proposed circuits: (a) Type I to VEE(=-1.5V), with approximately 500 mV drop across
signals, (b) Type I1 signals.
each. If NMOS devices are available, they can replace these
resistors to provide much higher immunity to variations in
the supply voltage and the input common-mode level. This
mV, prohibits the use of stacked differential pairs or cascode is possible because, if properly sized, MOS transistors can
configurations in a 1.5-V system. As a consequence,operations remain in saturation even with a drain-source voltage of 500
such as clocking and multiplexing cannot be implemented mV. This value usually provides a reasonable compromise
using conventional ECL topologies.
between the loss in voltage headroom and the size of the MOS
To demonstrate the above issues further, we calculate the transistors. If the saturation behavior of bipolar transistors is
minimum supply voltage required for two representative ECL characterized and modeled accurately, they may be used as
circuits, depicted in Fig. l(a) and (b). In the simple inverter current sources here with a slight speed penalty.
of Fig. l(a), if the voltage swings across R1 and R2 remain
less than 400 mV, the base voltage of Q1 and Q2 can B. 2/1 Multiplexer
reach the ground potential with no substantial degradation
Shown in Fig. 3 is a circuit diagram of the 211 multiplexer.
in speed. Assuming a minimum voltage of 500 mV across It consists of two differential pairs Ql-Q2 and Q3- Q4 that
the tail current source, we note that the minimum ~ V EisE ~sense the inputs A and B and are controlled by C K and CK
approximately 1.3 V.
through clamp devices Q5 and Q6, respectively. The output
Fig. l(b) illustrates two stacked differential pairs, a topology currents of the two pairs are summed at nodes X and Y , and
often employed in ECL latches, multiplexers, XOR gates, etc. flow through resistors R1 and R2. Note the C K and GK are
If the base voltage of Q1 and Q2 is allowed to reach the ground Type I while other signals are Type II.
potential, then the minimum supply voltage of this circuit is
The circuit operates as follows. When C K is low, Q5 is
given by the sum of VBEof Q1 (or Q2), VCEof Q3, and off, allowing R3 to draw current from Q1 and Q2, while CK
the voltage across the tail current source. If Q1 and Q2 are is high, and Q6 pulls the node N high, turning off Q3 and Q4.
driven by differential signals, their emitter voltage drops by Thus, the pair Ql-Q2 is enabled, the pair Q3-Q4 is disabled,
approximately half the input voltage swing when the pair is and the output is equivalent to the A input. Similarly, when
switching. The minimum VCEallowed for Q3 must therefore C K goes high, the pair Ql-Q2 is disabled, the pair Q3-Q4
take this drop into account so as to keep the transistor out of is enabled, and the output becomes equivalent to the B input.
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Fig. 3. U1 multiplexer.

B and iare type 1.
All other rlgnalr are type II.

e 0 5 on, 06 off

e05 off,06 on
evX=

Xu,=

A

eVx=A,\=

-

A

Fig. 5. Exclusive-OR gate derived from MUX of Fig. 3.
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Fig. 6 . Symmetric XOR gate.

D. XOR Gates

The MUX of Fig. 3 can perform an XOR function if
configured as in Fig. 5. Here, both of the differential pairs
Fig. 4. D-latch circuit diagram.
sense the A input but with a reversal in polarity, while the
clamp devices sense the B input. When B is low, the pair
Ql-Q2 is enabled and Vx
and Vy = A. When
is
Note that Ql-Q4 experience a base-collector forward bias of
high, the pair Q3- Q4 is enabled and vx = A and vy = A.
400 m V and hence enter soft saturation.
Thus, the logical output is equal to A @ B.
In contrast with the conventional ECL XOR gate, where one
of the inputs propagates through level-shift emitter followers
C. D-Latch
and stacked differential pairs, the XOR cicuit of Fig. 5 exhibits
The concept used in the MUX of Fig. 3, namely, controlling
differential pairs by means of clamp transistors, can be applied shorter delay for both of its inputs. Simulations indicate a delay
to the design of several other circuits as well. For example, if of 130 ps with a power dissipation of 1.4 mW for the proposed
one of the differential pairs in the MUX is reconfigured into a XOR, and a delay of 150 ps for the conventional XOR having
cross-coupled pair, then a D-latch results, as shown in Fig. 4. the same voltage swings and collector resistors.
In the XOR of Fig. 5, the signal paths of A and B
This circuit comprises an input differential pair Q1- Q2 and
are
not exactly identical, thereby introducing a slight phase
a latch pair Q3-Q4, which are controlled by CK and CK
in a manner similar to that described for the MUX of Fig. error between A and B at high frequencies. In applications
3. When CK is low, the input pair is enabled, nodes X and where this error is crucial-such as in phase-locked loops-the
Y track the input, and 93 and Q4 are off. When CK goes symmetric XOR of Fig. 6 can be utilized. This circuit consists
high, the input pair turns off, the latch pair turns on, and the of two similar sections (Ql-Q3 and R2, Q4-QS and R3)
instantaneous state at X and Y is stored in the loop around with their outputs summed at node X. The reference voltage
Q3 and Q4.
V& is equal to the common-mode level of the input signals
eoutputtnckrlnput *Output rtored

=-x
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amplification. Note that the circuit can be viewed as emitter
followers (Ql and Q2) driving common-base transistors (Q3
and Q4) or simply as two differential pairs (Ql-Q4 and Q2Q3). The input is assumed to be differential.
An important issue in the design of the buffer circuit is
that the bias voltage at the base of Q3 and Q4 must track
the common-mode voltage of A and 2 so that the ratio of
collector currents of Ql-Q4 is stable and well defined. Since,
in practice, the input emitter followers may be located far
from the sense and level shift circuit, a bias voltage generated
locally in the vicinity of Q3 and Q4 may not track the input
common-mode level in the presence of voltage drops along
Fig. 8. BufferAevel shifter.
supply lines.
To alleviate the above problem, the circuit of Fig. 8 recovers
(A, 2,B, and B).
The operation of the circuit can be explained the common-mode level of the signals received from the
by noting that Q3 is on only if both A and B are low interconnects and biases transistors Q3 and Q4 according to
and, similarly,-Q4-is on only if both 2 and B are low. that level. Reproduced by (equal) resistors R3 and R4, the
Thus, I C ~= A . B and I C ~= A . B, where I C ~and I C ~ common-mode level is established at node P and shifted up by
represent the logical value of collector currents of Q3 and Q5. The base voltage of Q5 is therefore a close approximation
hence providing the
Q4, respectively. The summation of these two currents at X of the common-mode level of A and
is equivalent to a logical OR function, and the conversion of proper bias for Q3 and Q4. The collector currents of Ql-Q4
the resulting current to a voltage below ground (by R1) is are set by sizing them with respect to Q5 and by the values
equivalent to a logical inversion. Thus, the output is equal to of R1-R5.
Analysis of the bufferAeve1 shifter circuit indicates that, for
A.B+X.B(= A$B).
The circuit of Fig. 6 provides a single-ended output. If 400-mV swings at A and 2,transistors Q3 and Q4 limit the
differential outputs are required, the circuit can be replicated voltage swings at nodes C and D to approximately 200 mV,
with the inputs A and 2 interchanged in the replica, hence thereby improving the speed substantially.
Fig. 9 shows the simulated delay of the circuit as a function
producing an exclusive-OR and an exclusive-NOR gate (Fig.
of
the load capacitance while the circuit dissipates 1.4 mW.
7).
The delay increases by 170 ps for a 1-pF increase in the load
capacitance.
E. Buffer/L.eveE Shiper

x,

Distribution of signals across a large chip often entails
the use of long interconnects having substantial capacitance
to the substrate. To drive these interconnects, a buffer with
low output impedance is required. While emitter followers
can provide such an output impedance, they also shift the
common-mode level down by one VBE.Consequently, in a
1.5-V system, they must be followed by a level shift circuit at
the end of the interconnects to shift the common-mode level
UPFig. 8 illustrates a configuration wherein input transistors
Q1 and Q2 drive the interconnects, and the circuit consisting
of Q3-Q5 and R3-R7 performs sensing, level shift, and

IV. COMPARISONTO CMOS
As mentioned in Section 11, the unscalable VBEof bipolar
transistors raises serious concern about the scalability of the
supply voltage of bipolar circuits-an issue that, in principle,
does not exist in CMOS technology because the threshold
voltage (VTH)of MOS devices can be lowered during fabrication. Thus, it is important to compare the performance of the
proposed bipolar circuits to that of their CMOS counterparts
at a supply voltage of 1.5 V.
In order to perform a meaningful, easy-to-reproduce comparison, we consider two simple benchmarks: a frequency
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Fig. 9. Simulated delay of bufferflevel shifter versus load capacitance.

divider and a line driver. Using simulations, we compare the
speed of these circuits in 1.5-V bipolar and CMOS systems.
To obtain comparable speeds, the simulations incorporate
AT&T's 0.5- pm CMOS device models (whereas the proposed
circuits are built in a 1.5-pm bipolar technology). To make
the simulations even more favorable to CMOS, VTH of
both NMOS and PMOS transistors is deliberately set to
zero, thereby providing a rail-to-rail gate-source overdrive for
these devices. In practice, nonidealities such as subthreshold
conduction, variation of threshold voltage with temperature,
and more pronounced short-channel effects with increased
channel implant dose impose a lower bound of several hundred
millivolts upon VTH.Reference [2] discusses some of these
issues in detail.
In this comparison, we have used an unrealistically "good"
CMOS process to demonstrate the speed advantage of the
bipolar circuits. Nonetheless, comparing the power dissipation
of 1.5-pm bipolar to that of 0.5-pm CMOS would not be fair.
Note that the emphasis of the paper is more on low voltage
than low power. In many systems (such as the phase-locked
loop in [7]), these circuits dissipate only a small fraction of
the overall power, but it is important that they operate with
low voltages.

CK

Fig. 10. Bipolar frequency divider.

3.0
A

2.5

E

2.0

e*

:-

.

2

2

The bipolar D-latch of Fig. 4 can be utilized in a masterslave flipflop with negative feedback to provide a t 2 circuit.
Such an arrangement is depicted in Fig. 10, wherein the output
of the divider is sensed by means of a differential pair.
A CMOS +2 circuit is illustrated in Fig. 11 [ 5 ] , wherein a
cascade of two dynamic inverters controlled by C K and CK
is followed by a static inverter, thus producing a state that
experiences one net inversion around the loop on every clock
cycle. The logic levels at the divider's output are restored by
a minimum-size inverter.
Circuit simulations indicate that for a 1.5-V supply, the
bipolar divider achieves a maximum clock frequency of 2.5
GHz, whereas the CMOS divider cannot operate faster than
1.7 GHz. To gain more insight, we plot the maximum clock
frequency of each circuit as a function of supply voltage, as

I

Fig. 11. CMOS frequency divider.
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Fig. 12. Maximum clock frequency of bipolar and CMOS dividers versus
supply voltage.

shown in Fig. 12. In this simulation, the bias currents of the
bipolar divider are generated using ideal current sources so as
to maintain constant voltage swings when the supply voltage
varies. This plot indicates that, even with VTH = 0 V, the
0.5-pm CMOS divider is slower than its 1.5- pm bipolar
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Fig. 13. CMOS tapered buffer.
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Fig. 14. Delay of bipolar and CMOS line drivers versus load capacitance.

counterpart for ~ V E<E2.5
~ V. Note that the maximum speed
of the CMOS divider approaches a limit for ~ V E >
E~
3 V
because, due to velocity saturation, the increase in current
drive of MOS devices simply balances the increase in voltage
swings.
The maximum speed of the bipolar divider increases slightly
as I VEEI increases because the collector-substrate capacitance
of transistors decreases.

Fig. 15. Die photograph of fabricated prototypes

I

B. Line Driver

The buffer/level shifter of Fig. 8 has been designed to
provide high-speed drive for heavily loaded busses. As such,
this circuit can be compared to CMOS tapered buffers often
used to drive large capacitances. Fig. 13 illustrates a CMOS
buffer wherein the first stage is driven by a minimum-size
inverter and each stage is scaled up in device width so as to
minimize the total delay.
Fig. 14 plots the overall delay of the bipolar and CMOS
line drivers versus the load capacitance with VEE= -1.5 V.
The design of the CMOS buffer is optimized as a function
of the load capacitance, thus yielding a logarithmic (rather
than linear) variation for the delay. This plot indicates that the
bipolar buffer proves superior to the CMOS driver if the load
capacitance is greater than a few tens of femtofarads.
V. EXPERIMENTAL
RESULTS
In order to demonstrate the feasibility of the proposed
techniques, a number of test circuits have been fabricated in
a 1.5-pm 12-GHz bipolar technology [6].Fig. 15 shows a die
photograph of the prototypes. All the circuits have been tested
with a supply voltage of 1.5 V.
The 2/1 multiplexer has been built along with a 1/2 demultiplexer to facilitate testing. The demultiplexer splits its input
signal into two, applying the resulting waveforms to the two

I

-458mV

366ps/diu

Fig. 16. Measured MUX output at 1 Gb/s

inputs of the multiplexer. Shown in Fig. 16 is the measured
output of the MUX at 1 Gb/s with a power dissipation of 1.2
mW. In this test, a pseudorandom binary sequence is applied at
the input to obtain an eye diagram at the output. The pattemdependent delay observed in this waveform is attributed to soft
saturation effects in bipolar transistors.
The D-latch has been employed in a t 2 circuit similar to
that of Fig. 10. The measured input and output waveforms of
the divider at f i n = 2.2 GHz are depicted in Fig. 17. Each
latch in the divider dissipates 1.4 mW.
The symmetric XOR and the buffer/level shifter have been
used in ring oscillators to allow simple measurement of their
delay (Fig. 18). It is interesting to note that these two circuits
are inherently noninverting, i.e., if a prime number of each
circuit is employed in a ring, the overall circuit finds a point
at which two independent, stable loops exist, and hence does
not oscillate. To overcome this problem, the ring oscillators
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shifter, these techniques allow gigahertz speeds with supply
voltages as low as 1.5 V.
Simulations indicate that, although the base-emitter voltage
of bipolar transistors does not scale easily, the large transconductance of these devices nonetheless provides substantial
speed advantage over MOSFET's even in 1.5-V systems.
When used in environments such as frequency dividers and
line drivers, the proposed circuits exhibit superior speed in a
1.5-pm bipolar technology compared with their counterparts
designed in a 0.5-pm CMOS process with zero threshold
voltage.

I
50mV
ldlu

vou
Fig. 17. Measured bipolar divider waveforms at f,,, = 2.2 GHz.

APPENDIX
UNITY-GAINPOINTS OF A BIPOLARDIFFERENTIAL
PAIR
We calculate the unity-gain points of a single-ended bipolar
differential pair, shown in Fig. 19. The results can be easily
extended to fully differential operation as well.
Assuming an infinite p for Q1 and Q2, we have

Ici

Fig. 18. Ring oscillators used to measure delay of symmetric XOR and
bufferilevel shifter.

+ Icz = I E E .

(4)

Thus, if AV& = V,, - VB, the output voltage can be expressed
as
exp

Vout= -RCIEE
1

AV,,
VT

AXn
+ exp VT

'

(5)

The unity-gain points occur where 8Vout/8Kn= -1. Differentiating the above equation with respect to 6 , and equating
the result to -1, we have

L

AKn

Fig. 19. Single-ended bipolar differential pair.

+ 1= 0

(6)

and hence,
are designed with 6 stages of the XOR gate or the bufferdevel
shifter and an explicit inverter.
Measurements indicate a delay of 190 ps for the XOR gate
with a power dissipation of 1.3 mW. The buffer exhibits a
delay of 165 ps while dissipating 1.4 mW. The measured delay
of these circuits is approximately 20% greater than simulation
results. This discrepancy is attributed to inaccurate modeling
of saturation in bipolar transistors in circuit simulation.
All of the above circuits tolerate a *lo% variation in the
supply voltage with no significant degradation in speed.
The symmetric XOR gate has also been successfully incorporated in a 6-GHz phase-locked loop [7].

Since, typically, RCIEE >> VT, and for E << 1 we have
fiFZ 1 - €12 - c2/8,equation (7) can be simplified to
yield

AKn
VT

-

exp -

N

Assuming

(9)

VI. CONCLUSION

A number of low-voltage techniques have been introduced
for the design of high-speed digital bipolar circuits. Described
in the context of several building blocks such as a 211 multiplexer, a D-latch, two exclusive- OR gates, and a bufferAeve1

we obtain the following solutions:

AKn RCIEE
VT
VT

exp-

~

~~

VT
RCIEE'

(10)
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From the above equations, it follows that the unity-gain points
occur where

AK, =

RCIEE
VT

In -.

(1 1)

In practice, various error sources impose an Rc IEE of several
hundred millivolts; thus, if, for example, RCIEE= 400 mV
and VT = 26 mV, then the total input range between unity-gain
points is approximately equal to 5.5 VT.
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