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ARTICLE INFO ABSTRACT

Keywords: Multiplexer (mux) latch is one of the key components for serializer interface to admit communication at Gbps.
Mux-latch This work describes the working of a 2:1 mux-latch coupled to a power delivery network (PDN) and a CPU core
PDN drawing abrupt current. In comparison to conventional designs, multiplexer and latch operate at the same time,
Monte Carlo [, . . . . . . . .

Jitter which is quite different because enable inputs are imperative to start latch operation. An analytical model is also
PSN derived to understand power delay trade-off and to choose gate sizes to obtain a comparable delay without
Serializer increasing power. The average power and delay in post-layout are 257.7 pW and 35 ps, respectively, in a 90-nm

CMOS, power supply voltage (Vdd) of 1.1 V and a clock switching at 6.25 GHz. However, a 117°C change in
temperature at distinct corner allows average power to vary between 32.8 and 64 pW. The corresponding
variation is 135-183.7 pW as Vdd switches from 0.75 to 1.1 V. In addition to so, delay changes between 5-14 ps
and 3-12 ps for the given change in temperature and Vdd, respectively. Nonetheless, the effective supply voltage
Vp oscillates with time as the CPU core draws abrupt current. The delay values due to AC noise are found to be

different than Vp having no noise and the corresponding jitter changes linearly as a function of noise.

1. Introduction

Serial link transceiver with serializer (Ser) and deserializer (Des) are
essential to allow communication between on-chip cores and different
building blocks operating at Gbps [1], Fig. 1. In addition to so, wireless
and wireline communication require SerDes to be integrated on a single
chip to admit transmission at Gbps. However, the performance of a serial
link transceiver in terms of power and layout area depends on the design
of a SerDes [2,3]. Following this, the present work describes the working
of a multiplexer-latch, a fundamental block to design a power efficient
serializer. Multiplexer-latch also referred to as mux-latch is used not
only to convert parallel data into serial datum but also to retain its logic
level before being fed into next stage [4]. Typically, CMOS process is
preferred to design a mux-latch, but the system current increases line-
arly with operating frequency [5,6]. Since low power is a desired
feature, current mode logic (CML) is chosen to maintain a constant
system current with increasing operating frequency in each process [7,
8]. Further, CML and its improvement are preferred to design mux-latch
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to operate at less than 1.5 V power supply voltage (Vdd) and high fre-
quency [9]. To achieve this, CML designs are modified to accommodate
additional gates, which in turn require bias circuitry to generate bias
voltage. Additional gates and bias circuit maintain an almost full voltage
swing, power-delay trade-off, but at the cost of layout area. Another
effective way to minimize power dissipation is to reduce the operating
voltage Vdd because power is proportional to square of Vdd. But CMOS
process allows threshold voltage to decrease as well and affects the noise
tolerance of a circuit because noise does not scale down proportionally
with Vdd [10]. Therefore, it is imperative to understand noise margin in
low power and deep submicron design. Besides, a serializer built using
CML mux-latch suffers from delay difference between the clock and data
path [11]. Further, process, voltage and temperature (PVT) causes un-
certainty in performances and varies the delay difference to introduce
jitter in output eye. Inserting clock buffers in the clock path addresses
the issue, but additional problem in terms of timing margin and layout
area crop up. It is also observed that under identical biasing condition a
mux-latch designed for a specific application generates time intervals
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Fig. 1. Block diagram of a serial link transceiver with SerDes.

with different offset. Besides, in comparison to the externally applied
Vdd the voltage Vp near the die due to power delivery network (PDN) is
completely different and fluctuates with time due to Ldi/dt noise. This
makes delay (tq) estimation difficult for high-speed mux-latch. It is ex-
pected for a mux-latch to generate a constant tq for a given process and
Vdd. Nonetheless the Vp fluctuation makes the pulse edges to shift,
thereby, results in tq quite different than the Vp with no noise.

This made us to design a mux-latch at 90-nm CMOS, 1.1 V Vdd and
switching at 16 GHz. If the operating frequency is increased beyond 16
GHz at 1.1 V and 27°C, outputs deteriorate to drive other stages of the
serializer. Accordingly, the present circuit is built using a combination of
PMOS, NMOS gates while coupled to a power delivery network (PDN) to
operate at 16 GHz. Being different from the CML or improved CML,
performances are obtained for application which causes clock to be
switched at 6.25 GHz. Subsequently, average power (Payg), tqy, power
delay product (PDP) and figure of merit (FoM) are obtained under PVT.
Since mux-latch is often designed with other circuits sharing a common
Vp, evaluating tq of an oscillating system because of power supply droop
due to PDN is essential. All the circuits do not operate at the same time
and a significant amount of current is pumped in as some of them is
turned on from idle state. The Ldi/dt noise so generated causes Vp to
oscillate. Eventually, tq and the jitter due to power supply noise (PSN)
are estimated due to fluctuations in Vp. Based on the above discussions
following sections are defined and will be discussed in the proposed
paper. Section 2 describes the review of the mux-latch in the said
technology as available in literature. It also highlights the issues of the
conventional design in the said process and Vdd. Section 3 presents a
new design coupled to a PDN and an analytical model to understand
Pavg-tq trade-off. Section 4 shows the post layout simulation results in a
90-nm CMOS, Vdd of 1.1 V and tq variation with AC oscillating noise. To
indicate mux-latch robustness, section 5 presents a 4:1 serializer in 90-
nm CMOS and 1.1 V Vdd. Section 6 presents the performance compar-
ison with other works and the conclusion in section 7 summarizes.

2. Literature

Alioto and Palumbo presented a CML mux built using BJT, operating
within 6-20 GHz and a delay model to show dependencies with process
parameters, external load and trade-off between system delay and power
dissipation [12]. D. Kehrer, H. -D. Wohlmuth and Chen et. al. worked on
transformer based 2:1 mux, where CML logic was split into two indi-
vidual circuits to be inductively coupled and controlled [13,14]. The use
of inductor increases layout area, average power and offers low voltage
headroom. Raghavan et. al. suggested a modified mux circuit, where
inductor was placed in series with load resistor and clock signals were
stacked above the input transistors [15]. But it suffers from typical
inductive circuit issues along with high clock to output delay due to
clock loading effect. Gupta et. al. proposed CML based triple tail 2:1 mux
and presented an analytical model to express system delay as the func-
tion of bias current and voltage swing [16]. The driver transistors create
loading effect due to large device dimension, which increases delay and
logic failure is very common when operating temperature varies. Venna
presented a mux circuit with reset switch to eliminate residue charge in
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internal nodes [17]. The use of distinct transistors increases output
voltage swing and operating frequency at the cost of high-power dissi-
pation. Jang et. al. presented optimization technique to analyse and
address power-performance trade-off in CML mux and latch [18]. Au-
thors identified optimum input data rate, clock edge rate and inter-state
voltage swing for minimal device sizing to obtain best fitting result at
different technology nodes. Chattopadhyay et. al. proposed a low power
source-series-terminated (SST) driver using a set of parallel logic gates,
2:1 static data mux and a series resistor [19]. The use of additional logic
gates to retime input data increases the response time and area. He et. al.
presented high speed 2:1 mux for Non-return to Zero (NRZ) transmitter
operating at 40 Gb/s [20]. The presence of single-to-differential block
before mux adds extra delay in output, which lead to frequent data bit
loss and the inductor in series increases layout area. Neyestanak et. al.
proposed the first CML mux-latch, but the concern is about large tran-
sistor stack [4]. The presence of cross coupled capacitor for preventing
kick-back from latch increases the delay. Tsai et. al. presented another
CML mux-latch to address the problems of existing design [21]. The time
for a signal to transit from low to high or vice versa is one fourth of clock
period, which is very less and allows intermediate states in output. Lovitt
presented a 2:1 mux-latch with double cross-coupled logic and
discretely arranged select lines for two inputs [22]. Circuit was designed
for rail-to-rail swing at reasonably lower Vdd, but the double
cross-couple adds extra parasitic to increase the response time and
power dissipation. Suhani et. al. presented medium to high frequency
CML based mux-dual latch to mitigate clock dependent latencies of the
output [23]. However, there is always a direct path between Vdd and
ground in one of the differential paths, which prevents the corre-
sponding output from staying logic low.

Based on the above discussion, a new low power, PVT variation
tolerant and low jitter mux-latch is proposed for serializer interface. The
proposed design allows multiplexing and latch operation at the same
time and does not require enable inputs to control latch operation. The
elimination of additional gates to generate enable inputs reduces the
gate count and provides higher output voltage headroom with low
layout area. Mux-latch is often designed with other blocks in a serializer
and none of the conventional designs have shown the effect of power
supply noise on performance. The effective supply voltage Vp close to
the circuit droops and oscillates with time when CPU core draws abrupt
current. The Ldi/dt noise so generated introduces jitter and shifts the
output voltage swing. It is imperative to understand the performance
under AC noise and to observe the corresponding jitter.

3. A typical PDN and the proposed mux-latch coupled to PDN

The PDN along with the CPU core current I(t) is shown in Fig. 2a.
Inductance Ly, capacitance Cyp, and resistance Ry, represent package
pin and socket to connect PCB to constant Vdd. Apart from that they
form path to Vdd whereas, resistance Rg and inductance Ly are a part
of it. Inductance Lpy; denotes package inductance from C4 bump of
silicon to package decoupling capacitance Cpkg. However, Rpig implies
effective resistance of decoupling capacitance and package traces. Be-
side, Ryia and Ly, represent via resistance and inductance, respectively,
while Rgie and Cgje denote die resistance and de-coupling capacitance,
respectively. In addition to so, I(t) serve as the current drawn by other
blocks coming out from idle state or may be from sleep mode. It is
interesting to mention that Cgj maintains Vp close to Vdd and Rgie
regulates the oscillation amplitude. However, Vp droops with various
PDN frequencies as I(t), the core current, is drawn suddenly, which
severely affects tq. The PDN in Fig. 2a imitates a regular CPU, where the
maximum I(t) is about 10-30 A. Typically, it take 4-5 clock cycles to
generate the said I(t). This work attempts to understand the working and
performances of mux-latch coupled to PDN under PVT and during the
period when Vp is droping and rising at various times.

Multiplexer (mux) latch is a circuit that admit both multiplexing and
data retention depending on the state of enable input. Typically, mux is a
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Fig. 2. a) Typical power delivery network (PDN) and b) the proposed 2:1 mux-latch coupled to PDN.

combinational circuit where enable line(s) determine an input among a
set to be traversed to an output. Whereas, latch is a sequential block,
where data sampling happens during half clock cycle and holds the state
for the other half. Serializer requires mux to traverse data and latch to
retain its state before being applied to next stage as shown in Fig. 1.
Following this, a serialized output is obtained and fed into a driver (TX)
as shown in the figure. In conventional serializer mux and latch operate
independently to transmit data and retain the desired logic level. This
increases circuit layout area, power and delay. Mux-latch avoids the use
of multiple blocks of mux, latch, thereby results in a design with better
outcome.

The schematic of the proposed mux-latch is shown in Fig. 2b. In the
figure, an identical pair of PMOS M;-M4, Ms-Mg and NMOS My-Mj,
constitute the mux while the latch is designed using NMOS M;j3-M14 to
retain the state of data irrespective of the enable input E. Normally, E
allows either Ms-Mg or M7-Mg to be turned on at a time while Mg-M;q
and M;;-M;5 are always on due to constant bias voltage V. Depending
on the state of the inputs A; or A,, outputs are available at O and O. The
outputs so obtained are retained indefinitely using the cross-coupled
Mj3-Mi4. This is completely different from the conventional designs,
where control input is required to enable latch to hold the state of the
outputs.

A logic low at E turns on Ms-Mg and allows differential data A; and
A at the gate of M;-M, to be available at the output. During this period,
differential data A, and A, at the gate of M3-My are not available
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because M;-Mg are off. Accordingly, A; = logic high turns off and on the
corresponding gates and discharges O to logic low through Mg and M.
Whereas O charges to the effective supply voltage Vp through M, and
Ms. Normally, a logic high at O turns on M;3 and allows O to shift closer
to logic low but My 4 remains off as O is at logic low. Similarly, A; = logic
low allows O to be charged to Vp through M; and Ms. However, O dis-
charges to logic low through Mjg and Mj;. The state change is again
retained using the cross-coupled M;3-Mj4. An identical operation is also
obtained when E switches to logic high. During this period, depending
on the state of A, at the gate of M3-M4, M7-Mg determines the state of O
and O. It is evident that Fig. 2b is working as a mux, but the cross-
coupled NMOS is working independently to hold the state of O and O
to maintain the desired logic level. Besides, the cross-coupled NMOS
mitigates the glitches in O and O due to rapidly slewing clock signal.

3.1. Mathematical model to understand ty dependency and Pgyg-tq trade-

off

The model serves as a foundation to derive delay between the control
input E and output O during mux-latch operation i.e., E and E are low
and high, respectively. When E remains high, M;-Mg are off and A, does
not affect the outputs. Further, in a mux-latch only one direct path is
available between effective power supply voltage Vp and output at a
time while the complementary output discharges to ground. Thus, when
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A; is considered to be low, O charges to logic high through M;-Ms, while
O discharges to ground through M;(-M;; and Mj 4. Though E enables Mg,
but a logic low at A; turns off My and there is no current path from Vp to
Mp. Therefore, the capacitive effect of Mg is considered only to derive
the small signal model of the mux-latch while the on-resistance and path
current are neglected as these have no significant effect on the overall
circuit. Besides, O being logic low also turns off M;3 and the capacitive
effect is only considered in the small signal analysis.

The mux-latch with the corresponding parasitic capacitors, which
significantly affect the individual gate operation is shown in Fig. 3a. The
gate drain capacitance Cgq, drain body capacitance Cqp and source body
capacitance Cgyp, are the parasitic capacitances across individual gate. The
small signal model of Fig. 3a is shown in Fig. 3b, where g, g.» are the
trans-conductance, back-gate trans-conductance, respectively, and rg is
the output resistance due to channel length modulation. In addition to
so, Vi, denotes the voltage level at E and E. The linearized small signal
equivalent circuit after rearrangement of elements results in a simple
model suitable for delay estimation as shown in Fig. 3c. Here, Ca, Cg, Cc,
Cp and Ry, Rp are the equivalent capacitances and resistances, respec-
tively, obtained in the process of circuit simplification and expressed as
follows,

Cy=Cea1 + Cpar + Cuss 1)
Cp = Caps + Cpag + Cagg + Coao + Capo + Cap1z + Coar2 + Capi3 (2)
Ce=Cpa1s + Coars 3)

Cp = Cups + Cags + Cug1 + Carr + Capro + Coato + Ceat1 + Capt1 + Caps - (4)

_To9 X Forz
Too + Tonz

)

A

To10 X To11 X Foi4

R

B Fowron + ronrow + rowrois ©

The process of delay estimation starts with the linearization of the
proposed mux-latch and by replacing the gates by the small-signal model
of Fig. 3a, where all the parasitic components are not considered. Only
those which have significant effect on delay are the part of model. The
equivalent linear circuit of a gate can be further simplified by replacing
all the parallel capacitors and resistors with single equivalent capacitor
and resistor, respectively. Now, single pole open circuit time constant t
is determined for all the capacitors. In open circuit time constant, one
capacitor is considered at a time and remaining all the others are open
circuited. Then the capacitor is replaced by a voltage source Vy from
which a current Ix flows. The ratio of Vx and Ix determines the net
resistance in the loop. Therefore, the product of the resistance and
capacitance gives the open circuit time constant due to a specific
capacitor. Lastly, the superposition of open circuit time constant gives
the net propagation delay tpp of the proposed mux-latch.

The open circuit time constant 7c,,, due to Cgs can be derived as
follows. Let,

%:rx %)

where Vx and Ix are defined above. Applying KVL,

Vx — Losros — Ixro1 =0 ®

where I,os5 is the current across ros. Applying KCL at node A,

Los =1Ix — gus Vs — &mbs Viss )
Substituting equation (9) into (8) gives,

Vi = (Ix — 8sVess — Gmvs Vs ) ros + Ixron (10)

where Vis = — Vis, V, =0 and Vs = Vs = — Vis. Using Fig. 3c,
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following substitution and simplification,

V,
szrx:{(1+8m5705 + 8mbsTos)ros + o1 } 11
x
Also,
ry || Ra =R, (12)

Therefore, the time constant due to Cgyqs is written as,

e =R1Coas 13)
The open circuit time constant 7¢,; due to Cgs can be derived as
follows,

Applying KCL at node A,

(Vy — IxRy)

ros

I + g5 Vs + &mbs Virs — =0 14

Substituting V, = 0, V5 = —Vx and after simplification,

R,
Vi (1+%)
e o Utw)

L (ng + &mbs + i) 4o
Also,

x|l ror =R 16)
Therefore, the time constant due to Cs is given by,

Teys = RoCos a7z

The open circuit time constant z¢, due to C4 can be derived following
the steps to determine zc,,

(1 + "—)
‘I% e (ns + gm/:+ ) a®
o5
Also,
rx | ro =R, 19
Therefore, the time constant due to C, is written as
7c, =R,Cy (20)

The open circuit time constant 7z, due to Cp can be obtained as
follows,
Applying KCL at node A,

Vx — (— Vi
Ix — g5 Vess — &mvs Virs — M =0 (21)
05

Using Fig. 3c, substituting Vs = Vgs, Vgs = —Ixtor and after
simplification (21) reduces into,

\% 1
I—X:rX:r05{1+r()1 (gms + &mbs -‘r—)} (22)
X ros
Also,
ry || Ra=Rs (23)

Therefore, the time constant due to Cp is written as,
Tcy = R3 CB (24)

The open circuit time constant 7, due to C¢ can be obtained as given,
Applying KCL at node A,

V Vi =V
_R_l - M — 8ms VgsS — 8mbs VsbS + IX =0 (25)
A Tos

Substituting Vs = Vs simplifies (25) into,

1 1 2
Vl ( +_> = 2 _ (gmi +glrlb5)vg35 + IX (26)

Ry ros Tos
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Fig. 3. Proposed mux-latch a) with parasitic capacitors, b) corresponding small signal equivalent circuit and c) simplified small signal equivalent circuit to esti-
mate tq.
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Applying KVL,

Vx=Vi+ (gml4vgxl4)RR 27
Substituting Vg4 = V4 in (27) and replacing V; in (26) gives,
Vy 1 1 1
P EE— o> T | = V; - m mi I 28
<1+gml4RB> (RA+r05) .5<r05+g s+8 b5> + Ix (28)
Applying KCL at node B,
oy, r'o1
—Vi = V59 1+ (gms + gmps)ro1 +— (29)
Tos ros
Substituting V; in (29) and then Vs in (28) gives,
\% 1 m1aR,
Y o Sl 30)
X 7
(é“ré) - = o1 (é+gm5 +gmb5>
1+(gms +gmps )ro1 +,%5
Therefore, the time constant due to C¢ is written as,
tc. =1xCe (31)
The open circuit time constant due to Cp is written as,
Tcp, = RsCp (32)

The propagation delay tpp of the mux-latch is the sum of the indi-
vidual open circuit time constants,

tpp =Tcs + Teys + Tc, +7¢; +Tcc + 7, (33)

855

It is also worth to mention that the open circuit single pole method of
delay estimation is linearly related with the time constant of the circuit.

4. Simulation results and analysis

The parasitic components of the PDN of Fig. 2a are tabulated in
Table 1. Using the analytical model, the gate sizes in Table 2 are chosen
to understand the working of Fig. 2b with fast slewing control input E.
Typically, Table 2 presents the values to obtain a comparable tq without
degrading P,yg. The layout of the gates of Fig. 2b is shown in Fig. 4a. The
estimated area is about 14.7 x 10.5 pm? without the bond pad and die
de-coupling capacitor. Simulated in a 90-nm CMOS and 1.1 V Vdd, the
post-layout transient corresponding to inputs A;, A, switching at 3.125
GHz and E = 6.25 GHz is plotted in Fig. 4e. The rise, fall times are about
20 ps and 10 ps, respectively. It is observed that as E is at logic low, A is
forwarded to the output O and retained using the cross-coupled gates.
But, as E switches to logic high, A, is forwarded to the O and retained
until E changes back. Therefore, for a typical (NN) process Payg, tq and
power delay product (PDP) are noted to be 257.7 pW, 35 ps and 9 fJ,
respectively. A figure of merit (FoM) is also defined using (34) to indi-
cate mux-latch robustness [24]. It is imperative to reduce FoM for a
given process, Vdd, junction temperature and the value is about 65 ns x
£J x pm?.

Voltage Swing

FOM = EDP x Area x (34)

Noise Margin

Subsequently, Table 3 tabulates the outcome of the present mux-

Table 1
PDN parasitic values.
Inducatnces Lor Lpik Lmb Lpin Lpkg Lyia -
1nH 1nH 300 50pH 30pH 20pH -
pH
Resistances Ryr Rpix Rub Rpin Rpkg Ryia Raie
1 2 mQ 0.5 0.2 1 mQ 0.2 1 mQ
mQ mQ mQ mQ
Capacitances - Chik Cmb - Cokg Cie
- 1.5 0.1nF - 0.02 - 100
nF nF nF
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Table 2
Gate sizes of the proposed 2:1 mux-latch.

M4 Ms.g Mo.12 Mi3z.14

2.1 pm/100 nm 1.8 pm/100 nm 0.35 pm/100 nm 0.55 pm/100 nm

latch at no skew and 5% skew. The mean (p) and standard deviation
(o) are also shown assuming a 5% fluctuation of the allowed value in
Vdd. There are also jitter concerning rise, fall times of the signal
appearing between 5%. At distinct corners (NN, SS, FF) the P,y is found
to be varying for a fixed Vdd, thus ranging between 313.7 pW for FF to
210.2 pW for SS. However, the difference in data for tq, PDP and FOM at
distinct corner is small. The tq, PDP and FOM are highest for SS, where
30 is about 2.7 ps, 0.6 fJ and 0.6 ns x £J x um?, respectively. The his-
togram of Payg, tq and PDP are plotted for NN process while performing
Monte Carlo study on the proposed mux-latch, Fig. 5. The metrics are
same to that of the data from NN process.

The p and ¢ of noise margin low (NMy) and high (NMy) at different
corners (NN, SS, FF) and temperature are tabulated in Table 4. The noise
margin values are observed to be independent of temperature. Accord-
ingly, a mux-latch is designed to have no temperature dependency while
p of the corners is considered. Fig. 6a shows a monotonic drop in Payg
with junction temperature at different corner. A drop in P,y by 47 pW,
33 uW and 64 pW, respectively, is evident as temperature changes by
117°C. This refers to about 0.3 pW drop for 1°C rise in temperature.
However, tq is noted to increase by 8 ps, 5ps and 14 ps, respectively, for a
temperature change of 117°C as shown in Fig. 6b. This corresponds to
about 0.1 ps increase for 1°C rise in temperature. In addition to so, PDP
also increases with temperature change and conform to about 0.01 fJ
rise for 1°C increase in temperature as shown in Fig. 6¢. Besides, Fig. 6d
shows that a 117°C change in temperature at different corner allows
FOM to vary between 8.85ns x £J x um? and 45 ns x fJ x pm? for FF and
SS, respectively.

A conventional increase in P,y with Vdd at distinct corner (NN, SS,
FF) is observed as shown in Fig. 7a. Therefore, Vdd change of 0.75-1.1 V
allows P,y to vary between 75 uW for SS and 313 pW for FF. Accord-
ingly, 1 mV drop in Vdd allows P,y to reduce by about 0.5 pW. Fig. 7b
shows that at different corner tq varies by 7 ps, 12ps and 3 ps, respec-
tively, as Vdd is switched from 0.75 to 1.1 V. This confirms to a rise of
about 0.02ps for 1 mV drop in Vdd. Besides, PDP is also noted to increase
as Vdd changes from 0.75 V to 1.1 V and confirms to a drop of about
0.01 fJ for 1 mV drop in Vdd as shown in Fig. 7c. Lastly, Fig. 7d shows
FOM to change by 26 ns x £J x pm?, 51.5 ns x fJ x pm? and 20ns x £J x
pm?, respectively at different corner as Vdd varies between 0.75 V and
1.1 V.

Fig. 8a presents the output eye diagram of the proposed mux-latch.
The benefit of the eye diagram is established in terms of parameters as
tabulated in Table 5. Eye height and width are the most important
parameter to describe how sensitive is the margin for the output voltage
and timing jitter. The eye opening is about 910.9 mV and jitter is within
0.003-0.05 ps. Normally, jitter is very small when one operates at 5
GHz. Even the rise and fall times are bigger than the jitter, which simply
rattles the rise and fall time. The separation of the mid points of two
consecutive eyes as shown in Fig. 8a can be used to determine the
operating frequency of the mux-latch. This corresponds to 6.25 GHz. The
o of the eye height is about 20 ps and is quite low given the eye height
789.7 mV. The clear separation between logic 0 and logic 1 is shown in
Fig. 8b to indicate a very low BER (<10713) because the distribution
does not overlap. Further, the clock period is noted to be (2 x 70.3) ps
and this confirms to 7.11 GHz. However, sampling data with BER close
to 10713 requires both random and deterministic jitters. Therefore, (35)
is used to calculate the actual jitter T. The post-layout white noise also
referred to as the Johnson noise is plotted in Fig. 8c and d for different
temperature and Vdd. It is important to mention that at both constant
Vdd and temperature, white noise reduces at high frequency.
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Fig. 4. a) Layout of the proposed mux-latch and b-e) timing diagram.

Table 3
Performances in post-layout.
Process & Pavg (BW) ta (ps) PDP (fJ) FOM (ns x fJ
corner x pm?)
No skew NN 257.7 35 9 65
SS 210.2 53 11 120.2
FF 313.7 26 8.2 44.3
p c p c p c n c
5% skew NN 257.8 9.2 35.2 0.5 9.1 0.2 65 0.2
SS 210.3 8.0 53.0 0.9 11.0 0.2 120.2 0.2
FF 313.8 10.8 26.2 0.3 8.2 0.2 44.3 0.2
T = Determinictic jitter + 2n x Random jitter (35)

4.1. Delay (tg) analysis with AC oscillating noise

The effective supply voltage Vp is observed, Fig. 9a, as the PDN draws
an abrupt current I(t), 0-10 A, 20 A and 30 A in 10 ns. Subsequently, the

output O variation is noted as shown in Fig. 9b, ¢, d and the corre-
sponding t4 is evaluated due to I(t). To estimate tq the output O is
examined as Vp varies from 1.1 V to AC first droop and back to 1.1 V as
shown in Fig. 9b, ¢, d. Accordingly, the tq between the input A; or A; and
O with Vp having no noise is denoted by p. Thereafter, the tq as Vp
reaches AC first droop is denoted by 1. This corresponds to a Vp of 1.01
V, 0.912 V and 0.819 V, respectively, following I(t). The tq due to AC
first droop is different than the no noise and happens between 10 and 15
ns. A tq same as no noise is obtained as Vp rises form AC first droop.
The tq along with the AC first droop due to I(t) are tabulated in the
third and first column of Table 6. Further, tq is also estimated as Vdd in
Fig. 2b is replaced with AC first droop and Vp having no fluctuations.
Subsequently, the seventh column in Table 6 tabulates the tq due to the
DC voltages. These are same as the AC first droop due to I(t). It is worthy
to state that the tq due to DC are quite close to that obtained with AC
noise. Eventually the tq due to no noise, Vdd constant at 1.1 V, is found
to be quite close to the tg due to 0-10 A in 10 ns and the corresponding
DC. However, difference in tq arises beyond that. The filtering effect is
responsible to this because the gate switching noise is small in
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Table 4
Noise Margin variation with temperature in post-layout.
Temperature (°C) NM;, (V) NMy (V)
n c i [
-27 0.5 0.01 0.3 0.001
0 0.5 0.01 0.2 0.002
27 0.5 0.01 0.2 0.002
54 0.5 0.01 0.2 0.002
90 0.5 0.01 0.2 0.002

comparison to the voltage drop as the critical point is attained by the
noise voltage. The standard deviation of the time period fluctuation is
referred to as jitter. It is estimated by noting the fall time during the
period noise shifts from the minimum to no voltage drop. The jitter due
to AC noise and DC are tabulated in fourth and eighth column of Table 6.
Fig. 10 shows that the jitter rises linearly with AC first droop, also
referred to power supply noise.

5. 4:1 serializer using the proposed 2:1 mux-latch

Serializer is used to serialize a set of parallel data before being fed
into a driver, Fig. 1. The process of serialization not only reduces the
number of channels required for data transmission but also increases the
data rate for both on chip and chip-to-chip communication. Conven-
tional designs require 3 mux and 9 latch to design a 4:1 serializer.
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avg> D) tg and ¢) PDP with no skew in Table 3.

(©)

However, the design complexity reduces significantly with the use of
mux-latch. Mux-latch makes on chip and chip-to-chip communication
reliable and easier at the cost of reduced layout area and power. The
block diagram of 4:1 serializer using the proposed 2:1 mux-latch, is
shown in Fig. 11a. It is observed that two of the 2:1 mux-latches, A and
B, are operating at a frequency of f/4 while the third one C at a fre-
quency of f/2. In addition to that, parallel set of differential data are
available at the inputs I;, I and I, I, of the A and B switching at f/4. The
corresponding outputs O and O are then fed into the C switching at f/2 to
obtain serialized outputs. Normally, the frequencies f/2 and f/4 are
obtained from an external clock using two frequency dividers (FDs) as
shown in the figure. The f/4 and f/2 are applied at the input E to enable
the mux-latch A, B and C, respectively, to serialize the corresponding
inputs.

Control input E enables the 2:1 mux-latch A and B following the
arrival of f/4. However, the data at the I;, I; and I, I, are traversed
depending on the state of E. A logic low at E allows the I; of the A and B
to be available at the O and O of the corresponding 2:1 mux-latch.
Whereas E = logic high allows I, of the A and B to be available at the
0 and O. Besides, the 2:1 mux-latch C is enabled on application of f/2 at
E. But, the state of E determines the data transfer from the input to
output. Accordingly, a logic high and low at E allows the I; and I,
respectively, of the C to be available at the O and O. Subsequently, the
parallel data at the inputs are serialized.
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Fig. 6. Performance shift with temperature a) Pqyg, b) tg, ) PDP and d) FOM at 1.1 V Vdd.
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5.1. Performances evaluation and analysis

The layout of the gates to design Fig. 11a is shown in Fig. 11b. The
corresponding area without the bond pad and die decoupling capacitor
is 54.5 x 49 pm?>. Besides, there are eight external inputs, one clock
input and two outputs in Fig. 11b while sharing a single effective power
supply Vp and ground. Simulated in a 90-nm CMOS and Vdd of 1.1 V,
Fig. 12b, c, d illustrates the post-layout transient corresponding to an
external clock f switching at 4 GHz. Fig. 12b shows the output of FD
corresponding to f/2 switching at 2 GHz and Fig. 12c to that of the FD

output switching at 1 GHz. Following the application of f/4 and f/2 as
shown in Fig. 11a, the serialized output is shown in Fig. 12d. Subse-
quently, the Payg, tg and PDP of the 4:1 serializer are noted to be 6.2 mW,
54,0ps and 335.8 fJ, respectively. It is worthy to mention that the Pyyg is
due to both the 4:1 serializer and FD as shown in Fig. 11a. The histo-
grams of Py, tq and PDP of Fig. 11a are plotted in Fig. 13 for NN pro-
cess. The P,yg and tq are identical to the no skew data and PDP has
shifted less than 1%. The performances variation with temperature at
different corner (NN, SS, FF) are shown in Fig. 14. The Py varies be-
tween 3.8 pW for SS to 9.2 uW for FF. Increase in tq as shown in Fig. 14b
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Table 5

Output eye data in post-layout.
Parameters Value
Threshold crossing Average (ps) 40.0
Threshold crossing stddev (ps) 35.2
Level 0 mean (mV) 36.6
Level 0 stddev (mV) 15.5
Level 1 mean (mV) 947.5
Level 1 stddev (mV) 25.0
Eye amplitude (mV) 910.9
Eye height (mV) 789.7
Eye Width (ps) 70.3
Eye S/N 22.5
Eye Rise Time (ps) 42.0
Eye Fall Time (ps) 49.0
Random Jitter (left) (ps) 0.047
Random Jitter (right) (ps) 0.003
Deterministic jitter (ps) 6.02

is mainly attributed to the P,y increase. Normally, a change in tem-
perature by 117°C allows tq to change by 28.3 ps, 45.7ps and 11.4 ps,
respectively, at different corner. This confirms to a drop of about 0.2ps
for1°C drop in temperature. The PDP is noted to vary between 12.8 fJ
for FF and 70.2 fJ for SS as the temperature switches from —27°C to
90°C.

Fig. 15a shows a conventional increase in P,y with Vdd at NN, SS
and FF. A Vdd change of 0.85-1.1 V allows Py to vary between 2.6 mW
for SS and 7.8 mW for FF. This corresponds to a drop of 0.01 mW for 1
mV drop in Vdd. In addition to so, at different corner tq varies by 2 ps,
20ps and 0.5 ps,

respectively, as Vdd is switched from 0.85 to 1.1 V, Fig. 15b. This
confirms to a rise of about 0.01 ps for 1 mV drop in Vdd. Besides, PDP is
also noted to increase as Vdd changes from 0.85 V to 1.1 V and confirms
to a drop of about 0.3 fJ for 1 mV drop as shown in Fig. 15c. The out eye
of the proposed 4:1 serializer is shown in Fig. 16a. Table 7 tabulates the
goodness of the eye diagram, where the most important parameters are
the eye height and width. These are used to describe the sensitivity of the
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output voltage margin and timing jitter. The eye opening is about 894.2
mV and jitter is within 0.31-2.3ps. The rise and fall times are larger than
the jitter and jitter simply rattles the rise and fall time. The ¢ of the eye
height is about 34 ps and is quite low for the given eye height of 692.2
mV. The clear margin for logic 0 and logic 1 is shown in Fig. 16b to
indicate a very low BER (<10’13) because the distribution does not

overlap.
Table 6
tq and jitter due to AC noise and DC.
AVin Current tq Jitter AVin DC tq Jitter
W) ramps I(t) (ps) (ns) W) W) (ps) (ns)
0.281 1.1V_0-30 42.2 1.4 0 0.819 41.2 0.4
A
0.188 1.1V_0-20 40.5 1.1 0.912 39.8 0.2
A
0.09 1.1v_0-10 37.5 0.68 1.01 37.4 0.014
A
0 1.1VOA 35 0.7 - - -
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Fig. 10. Plot showing jitter as a function of AC first droop.
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6. Performance comparison

The performance of the proposed 2:1 mux-latch and serializer along
with conventional designs is tabulated in Table 8. To obtain a fair
comparison, circuits in Refs. [4,21,23] are designed and simulated using
the set-up used to analyse the proposed design. Following this, the
process file and feature used are presented in the first and second row,
while the third and fourth row shows the function and Vdd, respectively.
It is interesting to mention that the proposed 2:1 mux-latch attains a
voltage swing of 965 mV at 6.25 GHz. The corresponding value is 943

(b)

Fig. 11. a) Block diagram and b) layout of 4:1 serializer.

374

mV for the 4:1 serializer.

at 4 GHz. However, [4,21,23], obtained a voltage swing of 933 mV,
1000 mV and 915 mV, respectively, at the said process, Vdd and fre-
quency. Even though [21] obtained the highest voltage swing at a given
process and Vdd, the delay, average power, PDP and FOM are quite high.
The same is also true for [4,23]. The elimination of additional gates to
generate enable input simplifies the proposed design significantly.
Eventually, this results in lowest average power and area among all the
designs as shown in Table 8. Typically, the average power includes the
CPU core switching current, 10A or more through PDN and the
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corresponding value shows the simplicity of the proposed circuit. 7. Conclusions and further work
Additionally, a FOM of 65ns x fJ x pm? shows a robust design solution
for the present design. Further, the jitter and BER are minimum in Coupled to a PDN, a 2:1 mux-latch is proposed for serializer inter-
comparison to other designs. Based on the above data, the present design face. The present design achieves multiplexing and latch operation at
is found to be the best fit for any serializer interface. the same time and eliminates enable inputs. This is completely different

from the conventional designs, where enable inputs are necessary to

375



M. Kumar et al.

Integration 87 (2022) 364-377

-#-NN —4-S8 FF e NN —4S§ FF
10 120 500
s 8 100 400
S R 2 300
= £ 0 A
24 = 40 Qo 200 -
A’ A~
2 20 100
0 0 0
0.8 085 09 095 1 1.05 1.1 1.15 0.8 085 09 095 1 1.05 1.1 1.5 0.8 085 09 095 1 1.05 1.1 1.15
vdd (V) vdd (V) vdd (V)
(a) (b) (c)
Fig. 15. Performance variation of 4:1 serializer with Vdd at 27°C a) Pavg, D) tg and c) PDP.
-
1 s .
42.0
8320
e,
E24.0]
w
‘5 16.0]
] |
= 8.0 | || |
T TRl L T T 00 RN LA b e e e L L e e s ...““Hm.‘ )
20.0 40.0 60.0 80.0 100.0 130. 0.0 200.0 400.0 600.0 800.0 100t
Time (ps) Values (mV)
(a) (b)
Fig. 16. Plot of a) output eye @ 4 GHz and b) histogram of 4:1 serializer.
Table 7 Table 8
Output eye data in post-layout. Performance comparison.
Parameters Value Ref. [4] [21] [23] This work
) Technology 90 nm 90 nm 90 nm 90 nm
Threshold cross%ng Average (ps) 66.0 Feature CML mux- CML mux- Mux dual Mux-latch
Threshold crossing stddev (ps) 52.3 latch latch latch
Level 0 mean (mV) 30.3 . i . K . .
Level 0 stddev (mV) 35.9 Function 2:1 2:1 2:1 2:1 4:1
Lovel 1 @v) 92;‘ S vdd (V) 1.1 1.1 1.1 1.1 1.1
eve. | mean tm - Swing (mV) 933 1000 915 965 943
Level 1 stddev (mV) 31.4
R Clock 6.25 6.25 6.25 6.25 4
Eye amplitude (mV) 894.2 Frequenc
Eye height (mV) 692.2 (GI—lI]z) e
Eye Width (ps) 85.3 Data Rate 13 13 13 13 8
Eye S/N 13.3 (Ghps)
Eye E‘jfTT,lme ((PS)) 2(3).111 Delay (ps) 74.6 52.2 44.1 35 54
ye Fall Time (ps : Average 1954 1302 1847 257.7 6200
Random Jitter (left) (ps) 2.3 Power (1W)
Ea?d”“_l J_“:_er_ _(trtlgh(t) ()PS) 2'21 PDP (£7) 145.8 68 815 9 335.8
eterministic jitter tps : FOM (ns x fJ 15,895 3352 1466 65 195
x pm?)
. . . . Jitter (ps) 4.1-7.54 0.53-8.7 0.11-0.35 0.003-0.47  0.3-2.3
start latch operation. In addition to that, an analytical model is also Bit Error Rate  10-12 10-12 <1012 <1013 <1013
derived to understand P,y¢-tq trade-off and suggests gate sizes to obtain Area (mm?) 0.77 0.577 0.244 0.0002 0.003

an almost full voltage swing in 90-nm CMOS, 1.1 V Vdd and 6.25 GHz.
Subsequently, the P,yg, tq, PDP and FOM are noted to be 257.7 pW, 35
ps, 9 fJ and 65ns x fJ x pm?2 However, the performance variation at
distinct corner is about 0.3 pW, 0.04 ps, 0.01 fJ and 0.2ns x fJ x pmz,
respectively, for 1°C change in temperature. The corresponding change
for 1 mV drop in Vdd is 0.4 pW, 0.03 ps, 0.01 fJ and 0.1ns x £J x pm?.
The jitter is noted to be within 0.003-0.047 ps, while the white noise
decreases at higher frequencies. Yet, the effective supply voltage Vp
droops and oscillates with time as and when the CPU core draws 0-10 A,
20 A and 30 A in 10 ns. The Ldi/dt noise so generated introduces jitter in
the output swing and tq varies from 37.5 to 47.2 ps, respectively, for the
said current ramps. Besides, the change in tq due to AC noise is quite
close to that of the DC and jitter is noted to vary lineary with AC first
droop. However, [25,26]], have presented latches using C-element to
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identify incorrect state flipping of internal nodes due to particle strike
and how to recover previous correct state. Nevertheless, the present
work will be extended to understand the occurrence of above issue and
to include necessary design modifications to avoid it.
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