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Abstract - A current-mode logic (CML) buffer is based on a
simple differential circuit. This paper Investigates important
problems involved in the design of a CML buffer aswell asa
chain of tapered CML buffers. A new design procedure to sys-
tematically design a chain of tapered CML buffers is pro-
posed. The circuit design issues in regard to the CML buffer
are compared with those in a conventional CMOS inverter. It
is shown, both through the experiments and by using efficient
analytical models, why CML buffers are better than CMOS
invertersin high-speed low-voltage applications.

1. INTRODUCTION

The rapidly growing volume of data transfer in telecommunica
tion networks has recently drawn considerable attention to the
design of high-speed circuits for giga-bit communications net-
works. Wavelength-division multiplexing (WDM) and time-divi-
sion multiplexing (TDM) were developed for use in the next-
generation transmission systems. Ultra-massive-capacity trans-
mission experiments have been reported using a WDM system
with a per-channel data-rates of 10Gbit/sec for SONET OC-192
and 40Ghit/sec for SONET OC-768. High-speed integrated circuit
(IC) technologies with very high data-rates are thus required for
both WDM and TDM systems. Advances in hanometer CMOS
technology has enabled CMOS integrated circuits to take over the
territories thus far claimed by GaAs and InP devices.

Designing a high-speed CMOS circuit operating near f1 of the
MOS deviceisvery challenging. System blocksin a giga-bit com-
munication system need to be reaized by very smple circuits uti-
lizing minimum number of active devices. Parts of the circuit
blocks that process high-speed signals in a communication trans-
ceiver should possibly abandon to use PMOS devices due to their
inferior unity-gain frequency.

Buffers are the circuit core of many high-speed blocks within a
communication transceiver and a serial link. As an example of a
giga-bit communications system, Fig. 1 depicts the block diagram
of a typical optical transceiver. Front-end CML tapered buffer
chain, seria-to-parallel converters, clock and data recovery
(CDR), multiplexers, and demultiplexers all use high-speed buff-
ers. A conventional CMOS inverter exhibits some drawbacks that
prevent it from being vastly used in high-speed low-voltage cir-
cuits. First, a CMOS inverter is essentially a single-ended circuit.
Recall that in multi-gigahertz frequency range, the short on-chip
wires act as coupled transmission lines. The electromagnetic cou-
pling thus causes serious operational malfunctioning in the circuits
particularly single-ended circuits. Besides, the PMOS transistor in
astatic CMOS inverter will severely limit the maximum operating
frequency of the circuit [1] [2].
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CMOS current-mode logic buffers were first introduced in [3]
to implement a giga-hertz MOS adaptive pipdine technique. the
CML circuits can operate with lower signal voltage and higher
operating frequency at lower supply voltage than CMOS circuits
can. However, CML buffers suffer from dissipating more static
power than CMOS inverters. Recently, there have been efforts to
alleviate this shortcoming [4]. Due to their superior performance,
CML buffers are the best choice for high-speed applications. As a
consequence, it is an essential need to have a systematic approach
to optimally design CML buffersand CML buffer chains.

This paper presents acomprehensive study of CML buffers and
steps that need to be taken to design a chain of tapered CML
butfer. The paper is organized as follows. First, in section 2 a brief
summary of CMOS inverter is given. Then, in section 3, the large-
signal behavior of a differentia circuit is extensively illustrated.
This will prepare us to study the design of CMOS buffer chain
(section 4). Finally, section 5 provides the experimental results
that verify the accuracy of our design approach.

2. CMOS BUFFERS

A conventional static CMOS buffer is shown in Fig. 2 (a)
where the input-output transfer curve is shownin Fig. 2 (b).

o
Fig. 2. (&) CMOS inverter. (b) Transfer characteristics

A CMOS inverter has a number of advantages. The static
power dissipation of a CMOS inverter is negligible assuming the
leakage current to be small. It exhibits the largest small-signal gain
compared to any other area-efficient single-stage buffer with the
same transistor sizes, and thusis an ideal candidate for bus drivers
and signal buffersin digital circuits. It shows an optimum perfor-
mance with the technology scaling and has a large noise-margin.

A CMOS inverter, however, suffers from a number of draw-
backs that make it vulnerable in ultra high-speed integrated cir-
cuits. First, use of PMOS transistor degrades the circuit maximum
operation frequency (bandwidth). Secondly, like any single-ended
circuit, a CMOS inverter is highly susceptible to the environmen-
tal noise sources such as power/ground noise and crosstalk. Large
current surges during the voltage switching of output CMOS buff-
ers driving large off-chip loads exacerbates the fluctuations on
supply and ground rails. Noisy supply and ground wire results in
noise-margin reduction as well as a larger propagation delay for
all predrivers connected to the same power and ground rail.
Shown in Figures 3 (a) and (b), are the input and output voltages
and the power/ground bounce noise due to simultaneous switching
of 8 CMOS inverters driving a large 2pF off-chip capacitor. Obvi-
oudly, other CMOS circuits connected to these noisy power and
ground rails are affected by large unwanted oscillations that may
cause false logic switchings.
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Fig. 1. A system block diagram of an optical transceiver
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Fig. 3. (a) Input and output voltages of 8 CMOS buffers switching
simultaneoudly. (b) The power/ground bounce

3. CURRENT-M ODE LOGIC BUFFERS

A current-mode logic (CML) buffer is based on the differential
architecture. Fig. 4. (a) shows abasic differential architecture. The
tail current, 15, provides an input-independent biasing for the cir-
cuit. The differential circuit is easily neutralized using a pair of
capacitors (Fig. 3.(a)), Cp, that will diminish the deleterious
effects of input-output coupling through the device overlap capac-
itance, CaD.

Various experimental simulations of CML circuits reveal that
the long-channel transistor model still gives rise to a good estima-
tion of the dynamic behavior of these circuits. The reason is
because a CML circuit is alow-voltage circuit where the differen-
tial voltage swing is around the device threshold voltage.

As the differential input varies from —o to +00, each output
node of the differential pair varies from \pp—Ry 155 t0 Vpp. Fig. 3
(b) shows the voltage variations of the output nodesin terms of the
ditferential input [5].
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Fig. 4. (a) A neutralized CMOS differential pair. (b) Transfer char-
acteristics.

From Fig. 4. (a) one can see that the maximum output differen-
tial voltage swing, \bgm, isonly afunction of the drain resistor and
the tail current, provided that the current switching takes place.
Clearly, the maximum output swing of a CML buffer is less than
that of a CM OS inverter, which makes this class of buffersan idea
choice for low-power integrated circuit design.

The minimum value of the input common-mode levd,
Vincwm,,, is achieved when the tail current begins to operate in sat-
uration. The input common-mode level reaches its maximum
value, Vnhcwm, when the transistors MN; and MN; are either at
pinch-off or at cutoff [5].
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where Vgs12 isthe common-mode overdrive voltage of transistors
MN1 and MN2. Similarly, the output common-mode level varies
from Vbp (when both MN; and MN; are off, and MNz isin thelin-
ear region) to \bp—Rplss/2 (when al transistors are in satura-
tion). The voltage transition of the output common-mode level
from Vbp to \bp—Rplss/ 2 is determined by the subthreshold cur-
rent of MNy or MN.

The advantage of the differential CML buffer is understood by
reviewing its large-signal behavior in response to a differential
input signal. Assuming that the input common-mode level is
bounded within the operating range specified in Eq. (1), a small
voltage difference between Vin1 and Vinz results in a corresponding
differential current | 5;—1p, , asfollows [5]:

1 W
Alp = lpr=lpy = EUHCOX'L'AVin 2

The differential current is an odd function of the input differential
voltage, AVin, and thus becomes zero when the circuit isin equilib-
rium. Furthermore, adifferential stage is more linear than asingle-
ended stage due to the absence of the even harmonics from the
input-output characteristics. The large-signal transconductance,
Gm, isthe slope of Alp—AVin transfer characteritics, that is:

lu c W 20Vi2 max—2AVi3

27Tl TOAV2 = AV

where AV, rex = [ 2] $/( unCox"ULU . The large-signal transconduc-

G, (3

tance varies with the input differential voltage, as also shown in
Fig. 5, wherein this figure AVin mex= 0.4 V. Asthe input differen-
tial voltage exceeds a limit, one transistor carries the entire cur-



rent, Iss, turning off the other transistor. AVinmax represents the
maximum input differential voltage.
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Fig. 5. Large-signal Gm as afunction of the differential input

An input-dependent transconductance results in a nonlinear
large-signal gain. To simplify the analysis the average value of the
transconductance is utilized.
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A differential pair architecture using a differentia signaling is
insensitive to common-mode fluctuations, which makes It a better
choice as a buffer than a CMOS inverter, particularly in low-noise
circuit design where noise mostly appears as a common-mode com-
ponent. Moreover, a non-inverting buffer is easily realized using a
single differential stage, as opposed to the CMOS inverter where a
non-inverting buffer is realized by two inverters in cascade. There-
fore, a non-inverting differential buffer exhibits a lower propaga
tion delay than a CMOS buffer. A differential stage will be
operating as a CML buffer iff a complete current switching takes
place. To make sure that the current switches entirely from one side
of the differential stage to the other side, the differential input volt-
age must be at least AVin, max.

4. TAPPERED CML BUFFER DESIGN

To achieve the best performance in a CML buffer, a complete
current switching must take place, and the current produced by the
tail current needs to flow through the ON branch only. In a tapered
buffer chain a CML buffer drives another buffer, which means that
output terminals of the driving buffer stage are connected to the
input terminals of the driven stage, as shown in Fig. 6. To satisfy
the above performance requirement, the differential voltage swing
of the first CML buffer must exceed AVino,max Of the following
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Fig. 6. Two CML buffersin cascade

Furthermore, the load resistors should be small in order to reduce
the RC delay and increase the bandwidth. To guarantee a high-
speed operation, NMOS transistors of the differential pair must
operate only in the saturation. To satisfy this requirement for the

circuit shown in Fig. 6, first, the input common-mode voltage must
be within the interva specified in Eq. (1); and secondly,

Mo max—Voun < Vour i Voo for k=1,2and j=1,2 (6)

which sets a maximum allowable leve for the differential output
swing asfollows:

Row lsse < Vinn for k=1,2 @

In addition, a high-speed CML output driver must drive a large
off-chip load through the bondwire and package trace. The output
driver must thus have a large current drive capability. This means
that NMOS transistors of the second CML buffer in Fig. 6 must be
large. A large transistor has alarge gate-to-channel capacitance that
seriously degrades the propagation delay and the voltage swing of
the preceding predriver stage. To reduce the propagation delay of
the predriver, a chain of tapered buffers is introduced between the
first predriver stage and the second buffer. The minimum delay is
obtained by dividing the delay equally over all stages. This is
achieved by gradually scaling up all stages with a constant taper
factor, u. On the other hand, the chip package interface at very high
frequencies is appropriately modeled as a transmission line that is
terminated by a load impedance, which is a series RC circuit (cf.
Fig. 7). The series load resistance, Zo, provides the high-frequency
parallel matched termination to the bondwire. Fig. 7 shows the
schematic of the output CML driver driven by N-1 tapered CML
buffers along with the chip-package interface being modeled as the
transmission line.

Z
—
LAC?ﬁXSDN%—o:FD—l
% ClaC
%% 2

Fig. 7. An output CML buffer driving off-chip loads. The chip-
package interface is electrically modeled using a lossless transmis-
sion line.
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The chip bondwires exhibit high-Q inductances. Therefore it is
safe to model the chip-package interface using a lossless transmis-
sion line. To avoid potentially disastrous transmission line effects
such as dow ringing and propagation delays, the bondwires are ter-
minated both at the source using a series termination (Ron = Zo),
and at the destination using a parallel termination (Zo). Given a
well-defined output voltage swing (Rp | sg) and with Rp being deter-
mined by the matched termination, the tail current Issy is easily cal-
culated. For instance, an output differential voltage swing of 0.4V
for a50Q line driver requires a bias current of 8mA. Now, using a
set of congtraints, we present design guidelines to design a tapered
CML buffer chain and determine appropriate values for the circuit
components of the CML buffer.

The propagation delay is computed using the open-circuit time
constant method [6]. For instance, the delay of the simple low-volt-
age differential stage of Fig. 3is 0.69R; C, . Various HSPICE simu-
lations on high-speed CML buffers show that the delay obtained by
the olpe_n-ci rcuit time-constant method is within 8% of the actual
simulation.

Minimizing the overall propagation delay of CML buffer
increases the overall operation frequency of the buffer significantly.
For a slowly varying input signal, increasing the small-signal volt-
age gain will further decrease the output transient variations and the
output transition time. In achain of tapered CML buffers, to attain a
constant voltage swing, transistor sizes are scaled up while the
drain resistances are scaled down with a constant scaling factor.



This will lead us to the fact that small-signal voltage gains of all
constituting stages of the buffer chain are identical.

,\/pnCox (T )sst Ros :A/uncjx(%’)zgzpzm: = i Cor s Ry

Asaconsequence, Eq. (5) provides uswith alower bo_und for the
maximum small-signal voltage gain at equilibrium, that is:

(Aveq = JunCa s Ry ) 2 2 ®

The drain resistor, Ron, of the last output CML buffer is deter-
mined by the series impedance matching to bondwire’s characteris-
tic impedance. Subsequently, lsgy of the last driver stage is
calculated using the output differential voltage swing and Ry. The
only remaining parameter in the last CML driver left is the (W/L)
of the source-coupled transistor pair, which is obtained from the
common-mode characteristic of the last CML buffer. If the com-
mon-mode input voltage lies in the alowable range given by Eq.
(1), then the tail current is equally divided between the two
branches of the differential stage, i.e.,

(M, em =6 Viin2 My, om —\bias—2Vinn) = [ lssc/ (“ﬂQ’X (Vf\/)k)

for k=1,2,...,N (9

where Vin, cm is the common-mode input voltage of the k" driver
in the buffer chain. M cwm is specified by the output common-
mode voltage of the previous stage. Given a tapered buffer chain
with a constant differentia voltage swing, the maximum (W/L) of

the transistor pair of the k™ CML buffer is then calculated by solv-
ing Eq. (10):

\bo— R)L%S—\élAs—ZVFHN = | lss/ (Hngx(\'ﬁ‘/)k) (10)

In the above equation Rylsg is the constant differential output
swing of atapered CML buffer chain.

As mentioned above, in a chain of tapered CML buffers, the
minimum delay is obtained by dividing the delay equally over all
stages. However, the question is how many buffer stages are
required to achieve the optimum delay. To answer this question, the
propagation delay of an arbitrarily chosen CML stage in a buffer
chain is first derived. Fig. 8 shows the kth stage in a chain of N
tapered stages driving another CML stage along with the capacitors
that contribute to the delay calculation.
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ML buffer along

The common node s,,4 shown in Fig. 8 undergoes a smaller
variation compared to the voltage variations of the input terminals
particularly in a matched differential pair. In fact, it is easily shown
that for a maximum differential input variation of AVin, max derived
in Section 3, the maximum variation of the common node is

AVinmex/+2. Therefore, the equivalent capacitance seen at the
common node S, is approximately Cs x+1= ~/2Cpgs k+1 rather
than Cpgs k+1-

The 50% delay of the kth stageis as follows:

tgx = 0.69Rp « (Gop k®Csk+ Cosi+10GCs k1) (11)
where (3 represents the series connection of electrical elements.
The totd propagallon delay of the buffer chainisreadily calcul ated:

tg= th k = 0.69NRy,; (Cop,0Cy + X CGSl@Q-l) (12)

Interesti ngly, the functional dependence between delay and the
number of stages (or taper factor) is similar to the onein a CMOS
buffer chain [7]. To be more specific, consider a chain of tapered
CML buffersdriving alossless transmission line with a characteris-
tic impedance of Zg. Suppose that the gate aspect-ratio of the tran-
sistor pair of the last CML line driver is X times larger than that of
theﬂrst predriver stage. It is easily proved that if Cpg,=yCy and
= nC,; then it is easily proved that the optimum number of
stag% will be the numerical Solution to the followi ng equation:

1 ) 1/Nopt
(1+r] X

or in the special case, if Cpp1<<Cgg1 then, Nop: = In(X) which is
well-known result.

To further increase the bandwidth (reduce the delay), the inter-
mediate stages use inductive peaking as demonstrated in Fig. 9. The
inductive peaking proves extremely useful to enhance the perfor-
mhance of ultra high-speed circuits operating at frequencies greater
than 5GHz.
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Fig. 9. Multiple stage CML buffers along with the inductive peak-
ing

The addition of the inductor in series with the drain resistor
delays the current flow through the branch containing the resistor,
making more current available for charging the device capacitors,
and reducing the rise and fall times. Inductive peaking can increase
the bandwidth to about 1.72 times larger than the unpeaked case
[6]. Inductance values are scaled with the same taper factor as the
drain resistors are.

5. SSMULATION RESULTS

In this section the performance of the CML buffer is evaluated
by performing experiments on single stage as well as multiple
stages of the buffer. First, the noise susceptibility of the CML buffer
is experimentally compared with CMOS inverter. Next, the accu-
racy of Eq. (13) is verified by running HSPICE simulation on a
chain of CML buffers. Finally, the effect of inductive peaking on
the bandwidth and speed enhancement will be investigated.

5.1. Noise Perfor mance

A CML buffer exhibits a superior noise performance compared
to a conventional CMOS inverter, particularly because environmen-
tal noise sources (e.g., crosstalk) appear as common-mode signals.
This will be experimentally verified by performing the following
experiment.



First, crosstalk noise is emulated using parallel interconnects
located within close proximity of each other, as depicted in figures
10 (a) and (b).

To have a performance comparison, we place, first, a CMOS
inverter, and then, aCML buffer at the outputs of coupled intercon-
nects, one at atime (figures 10 (a) and (b)). To highlight the superi-
ority of noise performance of the CML buffer, the middle line in
Fig. 10 (b) will be driven by a CMOS inverter. The noise amplitude
coupled from this line to its neighboring lines is, therefore, exces-
sively large. The input signa frequency for all CMOS inverters is
3.3GHz, while it is 3.5GHz for CML buffers. As a consequence,
this experiment also shows the performance of CML buffer in the
presence of harmonic distortion. All circuits are designed using
0.18um standard MOS process.
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Fig. 10. (a) CMOS inverters driving two adjacent coupled intercon-
nects that are terminated by CMOS inverters. (b) Two interconnects
driven by a CML buffer and coupled to another interconnect which
is driven by CMOS inverter.

Figures 11 (a) and (b) demonstrate the output signals of CMOS
inverter and CML buffer, respectively. The experiment is set up to
demonstrate the worst-case scenario in which the noise fluctuation
and the voltage waveform are 80° out of phase.

The output voltage Vout,inv of the CMOS inverter in Fig. 11 (b)
does not have a rall-to-rail swing because of the crosstalk noise
effect from the other adjacent line. In fact, this CMOS inverter is
incapable of generating a logic "LOW". On the other hand, the
functionality of a CML buffer remains intact in the presence of the
coupling noise from aneighboring line, as seenin Fig. 11(b).

5.2. Tapered CML buffer experiment

Similar to a CMOS tapered buffer, a single CML buffer might
not be sufficient to drive an off-chip load. There are, however, more
design trade-offs involved in the design of a CML tapered buffer
than in a CMOS tapered buffer. A superior high-frequency perfor-
mance in a CML buffer is guaranteed only if the design guidelines
explained thoroughly in Section 4 to be taken into consideration.

Fig. 12 (&) plots propagation delay as a function of number of
CML stages for different values of X, where X isthe ratio between
the off-chip load impedance and the load impedance of thefirst pre-
driver stage. In practice, X is between 30-100. The optimum num-
ber of buffer stages will thus be between 3-4. Fig. 12 (b) depictsthe
delay vs. number of stages for tapered CMOS buffer. The delay
variation in terms of the number of stages for CML tapered buffer
and CMOS tapered buffer are ailmost identical. However, the total
propagation delay of a CML buffer chain for a given value of X is
less than that of CMOS buffer chain, which is in accordance with
what is expected. Remember that 50% propagation delay of a
CMOS inverter is inversely proportional to NMOS and PMOS
transconductance parameters and directly proportional to the load
capacitance [1]. According to (11), the propagation delay of aCML

buffer is directly proportiona to the load capacitance (similar to a
CMOS inverter) and the drain resistance. A larger threshold voltage
and a lower drift velocity associated with a PMOS transistor cause
the propagation delay of a CMOS inverter to be larger than that of a
CML buffer that uses the same transistor size (Figures 12 (a) and

(b)).
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5.3. Inductive peaking

The inductive peaking was proposed as an efficient and simple
circuit technique to speed up the buffer’s response. Figures 13 (a)
and (b) demonstrate the differential output voltage of a CML buffer
without and with the inductive peaking, respectively. The induc-
tance value is4nH and signals are running at 5GHz whichisthefre-
quency set forth in SONER/SDH OC-48. The output voltages of
CML buffer in the presence of inductance will have larger ampli-
tude and as aresult faster rise and fall times.

6. CONCLUSIONS

In this paper we presented the important problems involved in
the design of aCML buffer aswell asa chain of tapered buffers. We
proposed a new design procedure to systematically design a chain
of tapered CML buffers is proposed. The circuit design issues in
regard to the CML buffer were compared with those in a conven-
tional CMOS inverter. It was also shown, both through the experi-
ments and by using efficient analytical models, why CML buffers
are better than CMOS inverters in high-speed low-voltage applice-
tions. Experimental results demonstrate the accuracy of the anayti-
cal predictions compared to the measured results.
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Fig. 13. (a) Input and output wavetorms of a CML butter without
inductive peaking. (b) Input and output waveforms of aCML buffer
with inductive peaking.
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