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Abstract—A 2x VDD 1/O buffer based on deterministic PVT
variation detection algorithms to achieve slew rate compensation
is proposed in this paper. By using the P-PVT and N-PVT
Variation Detectors consisting of an inverter and a capacitor,
the slew rate variation is significantly reduced against the PVT
variation. Besides, the source-drain leakage current is reduced
by turning off the auxiliary current paths after the charging
and discharging transients are completed. The proposed design
is implemented using a typical 40 nm CMOS process. The area
of the I/O buffer is 0.216 x 0.052 mm?. Based on post-layout
simulations, the slew rate variation is reduced 38.29% after the
PVTL (process, voltage, temperature, and leakage) compensation
in the worst case.

Index Terms—I1/O buffer, mixed-voltage tolerant, PVT varia-
tion, leakage, slew rate compensation.

I. INTRODUCTION

IXED-voltage I/O buffer is widely used to transmit

and receive the digital signal with different voltage
between separate chips, as shown in Fig. 1 [1]-[4]. With the
device scaled down to nano-meter, the SR is dramatically
sensitive to PVT variations. Take Fig. 1 as an example, where
the frequency larger than 533 MHz and the SR variation
smaller than 1.5-5.0 V/ns are required to meet the DDR2
specifications.

Recently, several PVT compensation methods were devel-
oped for the mixed-voltage I/O buffers to adjust the SR cor-
responding to the PVT corners [5]-[9]. However, the methods
detect only 3 process corners (TT, FF, and SS) [5]-[8] and take
multiple clock cycles [9], which may result in long settling
time and missing code due to poor SR in high frequency.

In the authors’ prior works [5] and [9], 18 MOS transistors
and 46 MOS transistors are used respectively for PVT detec-
tion. By contrast, the PVT detection design is achieved in this
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work by using only 4 MOS transistors and 2 capacitors within
one cycle. It results in the SR variation reduction of 38.29%
in the worst case. Besides, the source-drain leakage current of
the large driving MOS transistor is reduced by 50.9% without
affecting the SR performance.

0.9 V/1.8 V mixed- Normal digital
voltage 1/0 blfffer I/p pad
DDR2:
I_él_. _FI 1.8V
™ 200-533 MHz
0.9 V chip 1.8 V chip |1.5-5.0 V/ns
1.8V
ooy ==L,

Fig. 1. Application example of mixed-voltage 1/O buffer.

II. 2xVDD I/0 BUFFER WITH SR COMPENSATION

Fig. 2 (a) shows the block diagram of the proposed 2x VDD
I/O buffer composed of PVTL (process, voltage, temperature
and leakage) compensation circuit and I/O Buffer. The digital
corner signals, Pcode[3:1] and Ncode[3:1], are generated in
one cycle to drive the output PMOS and NMOS transistors in
the Output Stage, respectively. Dout and Din are the output
and input data signals, respectively. To avoid the reliability
problems and control the large driving PMOS and NMOS
transistors, the gate voltages should be given appropriately,
as shown in Fig. 2 (a) [5].

A. System Consideration

1) SR variation compensation: To compensate the SR
variation, P301,-P301; with width W,-W, respectively,
are used in the output stage to provide three current paths
controlled by P,-P. according to the operation mode and the
PVT corners, as shown in Table I. Referring to Fig. 2 (b),
we assume that the 9 circles denote the SR among all PVT
corners, called corner 1 to corner 9, respectively. They are
equally separated into three groups, called fast, typical, and
slow corners, respectively, by the reference voltages, Vp; and
Vpa, in the P-PVT Variation Detector. If the typical corners
are detected, Wy, +Wp, is used. When the fast corners are
detected, only Wy, is used for the Output Stage. The SR of
corner 1 to corner 3 is then shifted to the typical region. When
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Fig. 2. (a) Block diagram; (b) the SR compensation with the width selection of the proposed 2x VDD I/O Buffer.
TABLE 1
FUNCTION TABLE OF THE CONTROL OF THE SR COMPENSATION.
PS PF Pcode[3:1]
Mode  Corners NS NF L Neode[3:1] DOUT | P, Py Pc Vg4, Vgi4y Vg4
Rx - - - - 000 - 1 1 1 0 0 0
Tx Fast 0 0 0—1 | 001 0/1 170 1 1 1/0 0 0
Tx Typical | O 1 0—1 | 011—001 0/1 10 1/0—1 1 1/0 1/0—-0 O
Tx Slow 1 1 0—1 | 111—001 0/1 /0 1/0—1 1/0—=1 1/0 1/0—-0  1/0—0

the slow corners are detected, Wy, +Wp, +Wo, is used to
increases the driving current such that the SR (of corner 7 to
9) are pulled up to the typical region. Thus, the SR variation
could be reduced by 66.67% ideally.

To accomplish the SR variation compensation shown in Fig.
2 (b), the width of P301,_. and the SR variation must satisfy
the following equation.

SRrise,avg : SRrise,ma;E : SRrise,min
11 1
Woa + Woo ' Woa  Wpa + Wpp + We

where SRyise maz and SRyise min denote the maximum and
minimum values of SR,;s. in all PVT corners, respectively.
SRyrise,avg 1S the averaged SR.

Thus, the optimal ratio of the Wp,,, Wy, and W), is derived
as follows to determine the sizes of those large transistors in
Output Stage.

ey

Woa : Wy : Wpe

- 1. 1) . (arise,mam

(arise,maz - - arise,mam) (2)

Arise,min

SRrise,maz SRrise,min

where Qrise,maxr — SRrise.avg and Qrise,min — SRyise.avy "

2) PVT corner detection: To accomplish the process vari-
ation caused by PMOS and NMOs transistors, the P-PVT and
N-PVT Variation Detectors are used, respectively. The digital
signals, PS, PF, NS, and NF, are generated to represent the
PVT corners, as shown in Table I.

3) Output stage control: Referring to Fig. 2 (a) and Table
I, P,-P. and Vg4,-Vg4. are control signals generated by the
Pre-driver for the three branches of the large driving PMOS

and NMOS transistors, respectively. In the receiving mode,
Pcode[3:1] is 000 such that P,_. are logic 1 to turn off
P301,_c. In the Tx mode, the states of P,-P. and Vg4,-Vg4.
are determined by the output data, DOUT, and Pcode[3:1]. At
the fast corner, Pcode[3:1] is 001 such that only one branch
in the Output Stage is turned on. Similarly, Pcode[3:1] is 011
at the typical corner, resulting in two branches are turned on.
At the slow corner, Pcode[3:1] becomes 111 to activate all
three branches, P,-P.. Vg4,-Vg4. are determined by DOUT
and Ncode[3:1] in the similar way for N302,-N302..

4) Leakage reduction: To reduce the source-drain leakage
current, the Input Stage detects the output signal, VPAD,
and generates the digital output signal, L, to turn off the
auxillary branches of the Output Stage. Referring to Table
I, when VPAD reaches the final steady voltage, L becomes
logic 1 such that Pcode[3:1] changes their values to turn off
the corresponding branches. Besides, the delay due to Vgl
Generator would cause the large unwanted DC current in the
Output Stage. Thus, a delay buffer is employed to avoid large
DC current.

B. Circuit Design

1) P-PVT Variation Detector: Fig. 3 (a) discloses the
schematic of P-PVT Variation Detector. The PMOS Sensor
is composed of a low-skew inverter, P341 and N341, and an
on-chip capacitor, Cp. Referring to Fig. 3 (b), Vp is charged
very slowly in 5 ns (half of the clock cycle) because of the
low-skew inverter. If the transistor is in a fast PVT corner, Vp
is charged faster than other corners such that its peak value
is larger than the reference voltages, Vp; and Vpy. Because
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Fig. 3. (a) Schematic and (b) waveform of P-PVT Variation Detector.

Vp1 and Vpgo are used to separate the entire range of Vp
into 3 equal regions, they are chosen as 1/3 and 2/3 of the
final peak value of Vp, respectively. Moreover, the offset and
the input-referred noise of the comparator are 0.27 mV and
28.47 uV/\/H z, respectively. Therefore, the PVT corner codes
resulted from PMOS, namely PF and PS, are both logic 0, as
shown in Table I.

To make sure that Vp is consistent with Fig. 3 (b) in
different PVT corners, the duration variations should satisfy
the following Eqn. (3)-(5).

T

Tor(r) <% (Fast)  (3)
T .

Tps(r) <% <Tpr(r) (Typical) (4)
T
% < Tps(s) (SlOW) 5)

where Ty, /2 refers to the half of the clock period. It is easy to
derive the bounds of Tio;; by Eqn. (3) to (5) as the inequalities
in Eqn. (6).

Tou

Tprr) < — < Tps(s) (6)

Besides, the duration is proportional to the charging capaci-
tance and the reference voltage, and is inversely proportional
to the charging current, as shown in Eqn. (7).

Op X Vp1

, and Tpp = m 7

Thus, the boundary equation of the charging capacitance, Cp,
could be derived as follows.

Tew X Ipsa1 X ap(s Tew X Ipssn X ap(r)

)
<(Cp< 8
2 X Vpg P 2 X Vpl ( )
min[SR max[SR
where ap(p) = ﬁ’ and ap(s) = W'
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Fig. 4. Schematic of the N-PVT Variation Detector.

2) N-PVT Variation Detector: The N-PVT Variation De-
tector is similar to the P-PVT Variation Detector, as shown in
Fig. 4. Notably, the NMOS Sensor is composed of two NMOS
transistors, N341 and N342, with low-skew design such that
the charging duration of Vy is only related to the process
variation caused by NMOS transistors.

For instance, the area penalty for the capacitors Cp and
Cn are only 0.905um x 0.905um and 2.18um X 2.18um,
respectively, when the SR requirements of DDR2 are given.

Rx: with VDDIO = 1.8
VPAD = 1.8 —> V323 =0—>V326 =0 — DIN = 0.9
P32l VPAD =0 — V323 = 1.8 V326 = 0.9 — DIN = 0
(Unit: V)

VDD

P327
DIN

N327

L GND =

Rx:

OE=1, OE=0,

P327 & N327 off, DIN = Logic VPAD

DIN = high Z After VPAD 0—1,L=0—>1
After VPAD 1—-0,L = 1—0

} Jlp324
V325 'l-j-\us 'Il

GND VDD Protection MOS transistors

Fig. 5. Schematic of Input Stage.

3) Input Stage and Leakage Compensation: Referring to
Fig. 5, P327 and N327 consists of the input driving inverter,
which is indirectly controlled by the PAD signal, VPAD, and
the mode signal, OE. P321 and N325 act as an inverter with
the input signal of VPAD. P322, P323, and N321 are used to
protect the internal devices from the threat of the HV (high
voltage) signal at VDDIO. Similarly, N322-N324 also protect
the devices from the HV level of VPAD. N326 is added to
prevent the HV signal directly coupled at V326. When VPAD
is at 1.8 V, V326 is discharged to 0 V such that DIN and L
would be 0.9 V.

4) Vg2 Generator: Fig. 6 shows the schematic of the Vg2
Generator, which generates a bias voltage, Vg2, according to
the modes of VDDIO, as shown in Fig. 2 (a). P211-P216
and N211 consist of the string of the diode-connected MOS
transistors to generate two reference voltages, V1 and V2.
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Fig. 6. Schematic of Vg2 Generator.

5) Vgl Generator: Fig. 7 reveals the schematic of the Vgl
Generator [6]. It generates the gate drives for P301,-P301.
according to the modes of VDDIO and P,-P., as shown in
Fig. 2 (a). Notably, V; p3is and V;; p315 are clamped at 1.8 V
or 0.9 V + Vi, by P317 or N315, respectively, to avoid the
reliability problem caused by VDDIO of 1.8 V.
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Fig. 8. (a) Layout and (b) die photo of the proposed 2xVDD I/O Buffer.

III. IMPLEMENTATION, SIMULATION AND MEASUREMENT

This work is realized and implemented by a typical 40 nm
CMOS process. Fig. 8 shows the layout and die photo of the
proposed design, where a single I/O buffer circuit is only 0.216
% 0.052 mm?, and the overall chip size is 0.579 x 0.704 mm?2.
The PVTL detector is 0.039 x 0.014 mm?, which is only

4.86% of area overhead. There are two I/O Buffers included to
compare for the cases with and without PVTL compensation.
Notably, several additional top layers are covered in the chip
such that the I/O buffers are invisible in the diephoto.

Referring to Fig. 9, the output signals, VPAD, in all corners
are revealed. After PVTL compensation, the slew rate variation
(ASRise) is improved by 46.58%. For the falling edge, the
improvement is 38.29%. For VDDIO at 1.8 V, ASR;js. and
ASRy,; are 48.09% and 55.87%, respectively. Beside, the
source-drain leakage current is reduced 50.9%.
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Fig. 9. Post-layout simulated SR variations for VDDIO at 0.9 V with
PVT corners of TT, FF, SS, FS, and SF, the 10% voltage variation and the
temperatures from 0°C to 100°C with 20 pF load.
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Fig. 10. Monte Carlo simulation results of SR at the worst case for (a)

VDDIO at 0.9 V and (b) VDDIO at 1.8 V.

Fig. 10 shows the statistical histogram based on Monte
Carlo simulations. The standard deviation of SR is reduced
6.77% and 8.72% after PVTL compensation, respectively. The
improvement is degraded due to the layout mismatch.

The chip is measured on a PCB with 50 €2 connectors to the
Tester 81250. The measured eye diagrams are shown in Fig. 11
and Fig. 12. The eye heightis 0.710 V and 0.538 V for VDDIO
at 1.8 V and 0.9 V, respectively. The signal is attenuated
compared to the simulation results due to the impedance
mismatching. However, the performance improvement after
PVTL compensation is verified. Fig. 13 shows the measured
SR and standard deviation. After PVTL compensation, the
standard deviation from -20°C to 100°C is improved for all 3
chip samples. The averaged ASR reduction is 21.12%.

Table II tabulates the comparison with several prior works.
The proposed design uses the least number of devices and
possesses the best ASR reduction with 5 process corners in
one cycle.
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TABLE II
PERFORMANCE COMPARISON OF OUTPUT BUFFER

[7] [8] [6] [5] This work
Year 2003 2010 2013 2012 2017
Publication JSSC TCAS-II TCAS-I ICICDT TCAS-II
Process (nm) 180 180 90 90 40
VDD (V) 33 1.8 1.2 1.2 0.9
VDDIO (V) 3.3 1.8 2.5 2.5 0.9/1.8
Process Corners TT, FF, SS TT, FF, SS TT, FF, SS TT, FF, SS, FS, SF  TT, FFE, SS, FS, SF
Lock Time Hundreds of cycles One cycle One cycle Tens of cycles One cycle
Max. Date Rate (MHz) 25 1000 125 330 700/650
Simulated SR (V/ns) 0.403-0.986 2.1-3.58 2.2-34 0.65-1.65 1.616-2.246
Simulated ASR (V/ns) 0.583 1.48 1.2 1.0 0.63
Simulated ASR reduction (%) 23 N/A 37.5 N/A 38.29 (Worst case)
Measured ASR reduction (%) N/A N/A N/A N/A 21.12 (Averaged)
Measured STD (V/ns) N/A N/A N/A N/A 0.199 (Worst case)
Core area (mm?) 0.162 0.009 N/A 0.651 0.011
Normalized area # 5 0.28 N/A 20.9 0.34
Power (mW) N/A 13.7 (@ 1000 MHz) N/A 22 (@ 330 MHz)  3.92 (@ 650 MHz)
Detection devices 1 PLL 20-stage Delay cells,  8-stage Delay cells 18 MOS 4 MOS, 2 Cap

Note: # Normalized area = (Core area)/(Process scale)?.

IV. CONCLUSION

Without compensation VDDIO =180 V
Freq. = 650 MHz

Height: 471 mV

This investigation proposes the PVT variation detection
circuits with very simple structure based on only one inverter
and a capacitor. Besides, the analysis to compute design factors
and aspects is derived. The simulation and measurement
results verify that the proposed design could reduce the SR
variation and improve the performance against the process
and temperature variations. Furthermore, the SR compensation
branches could be turned off automatically to reduce the
leakage.

Tops  Si6ps 462ps 308ps -istps 13455 08ps a52ps 66 ps ™

(a)

‘With PVTL compensation

VDDIO =180 V
Freq. = 650 MHz
Height: 710 mV

Fig. 11.
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