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Abstract—A 2 x VDD Output Buffer using PVTL compensation
is proposed in this paper. Beside the PVT compensation, a
Leakage compensation circuit is employed. With the proposed
Leakage compensation circuit, the SR (slew rate) and data rate
are improved by 32% and 27 %, respectively, for VDDIO = 1.8
V at the worst case. Moreover, the reliability problem caused
by the unstable voltage, gate oxide overstress and hot carrier
degradation is avoided. The proposed design is implemented
using a typical 90 nm CMOS process. The core area is 0.425
mm X 0.0563 mm. The SR is simulated to be 1.3-3.0 V/ns. The
data rate is simulated to be 454, 370, and 500 MHz for VDDIO
= 1.8, 1.2, and 1.0 V, respectively.

Keywords—leakage compensation, slew rate, nano scale,
mixed-voltage, output buffer

I. INTRODUCTION

With the development of semiconductor technology, the
advanced CMOS processes are released for implementing low
power and high speed digital systems in several years. In order
to communicate with chips using different processes in a PCB
system, 2x VDD output buffers are presented to operate with
different suppply voltages. To obtain the good transmission
quality in extreme environments, the slew rate is adjusted in
the output buffers using PLL [1], DLL [2], SLL (speed-locked
loop) [3] based and PVT (process, voltage, and temperature)
[4] compensation. However, these compensation circuits can-
not be applied to 2x VDD output buffers. Therefore, the PVT
compensation for the slew rate of 2x VDD output buffers are
presented recently [5], [6].

However, these prior works do not consider the leakage
problem. The leakage current is a severe problem due to
the direct tunneling and FN (Fowler-Nording) tunneling in
nano scale CMOS process [7]. The leakage current results
in unstable gate bias voltages at the output stage of 2xVDD
output buffer. The unstable gate bias voltages cause the SR
(slew rate) reduction. And what’s even worse, it causes the
reliability problem due to the gate oxide overstress and hot
carrier degradation if the voltage differences across the termi-
nals of the transistors are larger than the tolerant voltage.

Thus, this paper proposes the PVTL (process, voltage,
temperature, and leakage) compensation for SR of 2xVDD
Output Buffer in a 90 nm CMOS process. By employing the
proposed Leakage compensation circuit, the slew rate and data
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rate are improved by 32% and 27%, respectively, for VDDIO
=1.8 V at the worst case. Besides, the reliability problem
caused by the leakage current is avoided.
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Fig. 1. Block diagram of the proposed 2x VDD Output Buffer using PVTL
compensation.

II. THE PROPOSED 2x VDD OUTPUT BUFFER USING
PVTL COMPENSATION

Fig. 1 shows the block diagram of the proposed 2x VDD
Output Buffer, which is composed of the PVT sensor, PVT
decider, Leakage compensation circuit, and 2x VDD output
buffer.

A. PVT compensation

The PVT sensor and PVT decider are employed for the PVT
compensation based on the prior work [8]. The PVT Sensor
generates two self-discharged signals, pout and VTout, whose
discharging rate is corresponding to the PMOS corner and the
temperature, respectively. Moreover, they are finally clamped
at around 2x Vth of PMOS. Similarly, nout is a self-charging
signal with the charging rate proportional to the variation due
to the NMOS corner. The signal, nout, is finally clamped at
VDD—-2xVth of NMOS. By comparing pout, VTout, and nout
with three reference voltages generated by Vy;,s generator,
the three comparators, Comp1~Comp3, generate three signals,
Vpi1, Vpo, and Vy. The required time for the rising edge of



Vpi, Vpe, as well as the falling edge of Vy, would vary
according to the PVT corners. By detecting the required times
for the edge using counters, the Digital logic circuit generates
two digital codes, Pcogqe[3:1] and Ncoge[3:1], to compensate
the SR of the 2x VDD output buffer.
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Fig. 2. Block diagram of the 2xVDD output buffer.

B. 2xVDD output buffer

Fig. 2 reveals the schematic of the 2x VDD output buffer.
The Pre-driver receives the PVT codes, P.oqc[3:1] and
Neode[3:1], as well as the data signal, Dout. The Pre-driver
generates the require gate bias signals, PDOUTa~PDOUTc
and Vg4a~Vgyc, for the Output stage. The Output stage is
composed of the stacked PMOS and NMOS transistors to
avoid the gate oxide overstress for VDDIO = 1.8 V. The
parallel NMOS transistors, MN2,~MNy., are controlled by
Vgaa~Vgac to compensate the SR for the falling edge of the
output signal, Vpap. Similarly, MP;,~MP;. are controlled
by the level-shifted signal Vgi1,~Vgic to compensate the
SR for the rising edge of Vpap. The level-shifted signals,
Vg1a~Vgic, are generated by the Vg1 generator which is a
level shifter according to the signals PDOUTa~PDOUTc and
VDI18. VD18 is generated by the VDDIO detector, which is
0.6 V for VDDIO = 1.8 V and 0 V for VDDIO < 1.2 V.
By employing the Vg1 generator and VDDIO detector, the
gate bias signals, Vg1,~Vgic and VD18, are generated to
compensate the rising SR according to the PVT corner and
avoid the gate oxide overstress in all VDDIO modes. The
required gate bias voltages for different VDDIO modes are
revealed in Table L.

TABLE I
THE TRUTH TABLE FOR THE GATE BIAS VOLTAGES

VDDIO Vgix Vg2 Vg3 Vgax
mode (Tx1/Tx0,Rx) (Tx1/Tx0,Rx)
1.8V 0.6/1.8 V 06V [ 1.0V 0/1.0 V
1.2V 012V ov 1.0V 0/1.0 V
1.0V 0/1.0 V ov 1.0V 0/1.0 V

Note: Vgix refers to Vgia~Vgic.
Vgax refers to Vgia~Vgac.
Tx1 indicates for transmitting logic 1.
TxO0 indicates for transmitting logic 0.
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Fig. 3. Schematic of the VDDIO detector.

C. VDDIO detector

Fig. 3 shows the schematic of the VDDIO detector. When
VDDIO = 1.8 V, MP702, MN703, and MN704 are turned on
such that MN706 is turned on. It pulls Vpg; to 0 V. With the
three cascaded inverters as driving buffers, the gate bias signal,
Vg2, is at the high state. Because the supply voltage of the
inverter, INV3, is biased at the divided voltage of MP804 and
MP805, Vg2 is charged and clamped at 0.6 V. When VDDIO
= 1.2/1.0 V, MP702 and MN706 are turned off. At the same
time, MP703 and MP701 are turned on to pull Vpg; to 1.0
V. With the three cascaded inverters, Vo is biased at 0 V.
Thus, Vg is 0.6 V for VDDIO = 1.8 V and 0 V for VDDIO
=12/1.0V.

D. Leakage compensation circuit

Fig. 4 shows the schematic of the Leakage compensation
circuit, which is composed of the Leakage current detector
and the Voltage-controlled current source. MP803~MP805
and MN801~MN802 are a single stage comparator with the
positive input biased at VD18 and the negative input biased
at Vreris. Vrer1s 18 generated by the VDDIO detector 2,
which is the replica of the VDDIO detector. Notably, VDDIO
detector 2 operates without the loading effect and leakage
effect caused by the great-size PMOS transistor MP;. When
VD18 > Vgreris, Vx 1s biased at VDD. It turns on MN803
such that Vo is pulled to 0 V. Thus, MN805 and MN806
are turned off. The compensation current Icomp is zero. When
VD18 < Vggris, Vx is biased at 0 V. MN8O03 is then turned
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Fig. 4. Schematic of the Leakage compensation circuit.

off such that V¢omp, is pulled to VDD. MN805 and MN806 are
turned on. The compensation current, Ioomp, is determined by
the transistors of MP807, MN805 and MN806. By tuning the
values of W/L of MP807, MN805 and MN806, the leakage
current, Ijcakage, at MPy can be compensated.
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Fig. 5. Layout of the proposed 2xVDD Output Buffer.

III. IMPLEMENTATION AND SIMULATION RESULTS

The proposed 2x VDD Output Buffer is implemented using
a typical 90 nm CMOS process. The core area is 0.425 mm x
0.0563 mm, as shown in Fig. 5. By using the proposed PVTL
compensation, the data rate is simulated to be 454, 370, and
500 MHz for VDDIO = 1.8, 1.2, and 1.0 V, respectively, as
shown in Fig. 6. Referring to Fig. 7 and 8, the leakage current
is reduced and Vg is pulled back to 0.6 V and 0 V for VDDIO
= 1.8 and 1.2 V, respectively, after the leakage compensation.
It increases the Vsg of MP» and improves the SR of the rising
edge for Vpap.

After the leakage compensation, the ripple of Vg9 is reduced
and the rising SR is improved from 2.275 V/ns to 3.0 V/ns
for VDDIO = 1.8 V, as shown in Fig. 9. Morevoer, the falling
SR is improved from 1.971 V/ns to 2.641 V/ns. Referring to
Fig. 10, the rising SR is improved from 0.61 V/ns to 1.23
V/ns for VDDIO = 1.2 V. For VDDIO = 1.0 V, the rising
SR is improved from 1.939 V/ns to 1.95 V/ns, as shown in
Fig. 11. Table II shows the improved data rate and SR for 20
pF capacitive load and VDDIO = 1.8/1.2/1.0 V at the worst
case. The data rate is improved by 27% for VDDIO = 1.8 V.
The SR is improved by 32% at the worst case for VDDIO =
1.8 V. Table III reveals the comparison of the specifications
with several prior works using only PVT compensation. The
proposed design possesses the fast data rate among these prior
works. The SR is better than the prior works [6] and [8] under
the worst condition with the capacitive load of 20 pF.
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Fig. 6. Simulated Vppp with maximum data rate for capacitive load of 20
pF at different corners.
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Fig. 7. Simulated waveforms of lcakage, Vg2 and Vpap for VDDIO = 1.8
V before and after leakage compensation.
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V before and after leakage compensation.
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TABLE 11
SIMULATED IMPROVEMENT OF DATA RATE AND SR FOR THE WORST CASE
WITH 20 PF LOAD.

VDDIO 18V 12V 1.0V
Improved data +27% +63% +15%
rate (MHz) (357—454) (227—370) (434—500)
Improved rising +32%* 493.48%7 +0.011%7
SR (V/ns) (2.275—3.004) | (0.372—0.719) | (1.237—1.248)
Improved falling +34%* +8.65%7 +23.2%7
SR (V/ns) (1.971-2.641) | (1.421—1.544) | (1.034—1.274)

* This corner is at [TT, 25°C] for VDD = 0.9 V, data rate = 100 MHz.
9 This corner is at [SS, 100°C] for VDD = 0.9 V, data rate = 100 MHz.

TABLE III
COMPARISON WITH SEVERAL PRIOR WORKS

This work [6] [5] [8]
Year 2014 2013 2013 2012
Production ICICDT TCAS-I TCAS-1 VLSI-DAT
Process 90 nm 0.18 pum 90 nm 90 nm
VDD (V) 1.0 1.8 1.2 1.2
VDDIO (V) 1.8/1.2/1.0 3.3/1.8 2.5/1.2 | 2.5/1.8/1.2/0.9
Data rate (MHz) | 454/370/500 120 125 345
(Loads) (20 pF) (10 pF) (15 pF) (N/A)
SR (V/ns) 1.3-3.0 1.28-2.79 | 2.1-34 1.1-2.5
Power (mW) 4.627 0.427 N/A 5.6
Compensation PVTL PVT PVT PVT

IV. CONCLUSION

This paper proposes the 2x VDD output buffer with PVTL
compensation. By using the proposed Leakage current com-
pensation, the gate oxide overstress is avoided. Moreover, the
SR is improved by 32% for the rising edge for VDDIO = 1.8
V. The data rate is improved by 27% for VDDIO = 1.8 V.
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