
504
IEICE TRANS. ELECTRON., VOL.E98–C, NO.6 JUNE 2015

PAPER Special Section on Analog Circuits and Related SoC Integration Technologies

A Forward/Reverse Body Bias Generator with Wide Supply-Range
down to Threshold Voltage
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SUMMARY A forward/reverse body bias generator (BBG) which op-
erates under wide supply-range is proposed. Fine-grained body biasing
(FGBB) is effective to reduce variability and increase energy efficiency on
digital LSIs. Since FGBB requires a number of BBGs to be implemented,
simple design is preferred. We propose a BBG with charge pumps for re-
verse body bias and the BBG operates under wide supply-range from 0.5 V
to 1.2 V. Layout of the BBG was designed in a cell-based flow with an AES
core and fabricated in a 65 nm CMOS process. Area of the AES core is
0.22 mm2 and area overhead of the BBG is 2.3%. Demonstration of the
AES core shows a successful operation with the supply voltage from 0.5 V
to 1.2 V which enables the reduction of power dissipation, for example, of
17% at 400 MHz operation.
key words: body bias generator, dynamic voltage frequency scaling, low
supply voltage, analog-assisted digital, switched-capacitor circuits

1. Introduction

Performance tuning and variability compensation on digital
LSIs is one of emerging technologies.

The variability can be categorized into wafer-to-wafer,
die-to-die, within-die location correlated, and within-die
random variations. In Ref. [1], within-die location corre-
lated variability is measured on an 80-core processor. They
report silicon data on the variation of the maximum oper-
ating frequency of each core and it spreads 62% at VDD =

0.8 V.
A concept of a fine-grained body bias (FGBB) is shown

in Fig. 1(a) to compensate location correlated variability.
We call each grain “substrate island” here. It is assumed that
a digital LSI is partitioned into substrate islands and each of
them has a body bias generator (BBG) to compensate vari-
ability.

Delay reduction and die-to-die variability compensa-
tion can be achieved by body biasing. Reference [2] shows
that the body bias is an important technique for variabil-
ity compensation. According to a theoretical study [3], dy-
namic FGBB technique is expected to increase performance
by 7–16% from zero body bias.

In FGBB, precise resolution, small area, and small
power overhead of the BBG are required. In the Ref. [4],
operating frequency and leakage current are measured under
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Fig. 1 (a) fine-grained body bias, (b) conventional body bias generator
with additional supply voltage, and (c) the wide supply-range body bias
generator.

body bias and it is reported that the resolution of the BBG
should be smaller than 100 mV to meet their frequency and
leakage constraints.

Desired features for the BBG are summarized below.

• Wide supply-range without requiring additional supply
lines: It increases cost to add supply lines for BBG as
shown in Fig. 1(b). It is preferred to reduce number of
supply lines as shown in Fig. 1(c). The BBG should
operate under the same supply line with the digital cir-
cuits under control by the BBG. The supply of the dig-
ital circuits could take a wide range down to threshold
voltage (Vth) of MOSFETs.
• Wide output-range that exceeds the range of supply

voltage: For variability compensation, output voltage
range of the BBG should be wide enough. For instance,
assuming the variation in threshold voltage of 40 mV
and the backgate conductance of 1/5, the voltage range
of the body bias should be at least 200 mV. It is more
preferable to output both forward body bias (FBB) and
reverse body bias (RBB). FBB will enhance timing and
RBB will reduce leakage current.
• Automated design: A lot of substrate islands will be

implemented in one chip and each substrate island has
different requirements for its BBG hence design cost of
BBGs should be low enough.

In our previous work [5], we achieved wide supply-
range and design automation. In this work, there are three
advantages from the previous work. First, to satisfy demand
for lower supply voltage, we introduce a constant common
mode scheme which further lowers the lowest supply volt-
age from near threshold voltage of our previous work [5]
down to threshold voltage. Second, to output both FBB and
RBB, two types of charge pumps are employed. One charge
pump is designed to feedback accurate voltage of RBB by
synchronizing to DAC conversion phase. The other is de-
signed to acquire enough current to drive large load by uti-
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Fig. 2 Near threshold voltage amplifier design.

Fig. 3 The forward/reverse BBG with wide supply voltage range.

lizing high frequency clock. Third, to verify applicability of
the cell-based design flow, the BBG has been embedded into
an application circuit of AES cipher. Measured results of the
BBG are presented briefly in Ref. [6]. In this paper, we show
a detailed operation of the BBG with comprehensive results
of the measurement. We also present an experiment of an
AES cipher core controlled by the BBG.

The rest of this paper is organized as follows. In
Sect. 2, we describe a circuit implementation of the BBG.
In Sect. 3, we show a physical implementation of the BBG
with an AES core. In Sect. 4, we show measured results of
the BBG and AES core under body bias generated by the
BBG, and conclude in Sect. 5.

2. Key Feature and Implementation of the BBG

2.1 BBG with Wide Supply-range

To eliminate dedicated supply line for a BBG, the BBG
should operate under the same supply line with digital cir-
cuits, whose voltage can be down to threshold voltage. For
wide supply-range operation, an amplifier, especially an in-
put differential to single-end stage, is one of the critical
parts. In our previous work [5], we proposed a scheme to
reduce supply voltage down to near-threshold voltage by
keeping the input common mode voltage to a constant level
in a conventional differential pair shown in Fig. 2(a). It is,
however, difficult to maintain saturation for all the three-
stacked transistors when the supply voltage is lowered down
to threshold voltage. In this study, we adopt the constant
common mode scheme in [5] and further eliminate the cur-
rent source M0 as shown in Fig. 2(b), which enables to re-
duce the supply down to around the threshold voltage. With
the constant common mode scheme, the voltage at node
P does not fluctuate because the common mode voltage is
fixed and therefore we can eliminate M0 while we can main-
tain Fig. 2(a) and (b) being equivalent. The constant com-

mon mode voltage is generated by a diode-connected MOS-
FET as shown in Fig. 3. This scheme helps designers to
ensure every MOSFET to operate in saturation region while
maintaining wide supply-range operation. However under
low supply voltage, impact of process-voltage-temperature
(PVT) variability becomes large. The circuit should be de-
signed such that correct operation is guaranteed at any cor-
ner conditions.

2.2 Forward and Reverse Body Bias Generation

For the design automation of the BBG, we utilize a cell-
based design flow described in [7]. Since every element in
the BBG is implemented in a small cell in this flow, we avoid
using poly resistors and thick-gate-oxide transistors which
require a large clearance larger than their cell size. Instead,
we use MOS capacitors, metal fringe capacitors, and core
MOSFETs.

The BBG has to consist of core MOSFETs though the
output range of the BBG should cover both forward and re-
verse body bias conditions. Since the core MOSFETs have
a thin gate oxide and cannot tolerate a higher voltage than
the core voltage, careful design is required for RBB. Volt-
age for RBB is negative and goes below VSS when biasing
NMOSFETs in a P-well. In the same way, when biasing
PMOSFETs in an N-well, voltage for RBB exceeds VDD. To
simplify our discussion below, we only describe a BBG for
NMOSFETs. The other BBG for PMOSFETs has a com-
plementary structure.

Our strategy to generate RBB is to isolate a core volt-
age region and a negative voltage region as shown in Fig. 3.
Charge pumps CP1 and CP2 and capacitor Cc connect two
regions and all the transistors are designed not to exceed
voltage limitations. While generating FBB, bypass switches
are closed and the charge pumps are disabled. Those blocks
that do not require a negative voltage are implemented in
the core voltage region; DACs, amplifiers, current bias, and
sequence controller.

The core voltage region operates as follows. A diode-
connected MOSFET M5 generates a constant voltage Vbias,
which corresponds to a fixed common-mode voltage, for a
positive input of the amplifier. An adder drives a negative
input of the amplifier Vin− as Eq. (1).

Vin− = Vbias + Vfb − Vda. (1)

Assuming virtual connection between two inputs, we get

Vfb = Vda. (2)

When FBB is required, the charge pumps are disabled and
bypass switches are closed. The voltage Vfb is equal to the
output voltage VPW and we get

VPW = Vda. (3)

When RBB is required, the charge pumps are enabled and
Vfb is pumped up by VDD as follows.

Vfb = VPW + VDD. (4)
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Therefore, the output voltage is given by,

VPW = Vda − VDD. (5)

We will explain more in detail about the adder and the CP2
in Sect. 2.3.1.

2.3 Circuit Design

This section describes details of circuit blocks. Fig. 3 shows
an NMOSFET body bias (VPW) generator. By isolating a
core voltage region from a negative voltage region by two
charge pumps CP1 and CP2, a wide range of output volt-
age is generated from a core supply line without thick-gate-
oxide transistors. For this scheme, two signaling techniques
are required to control the charge pumps; a clock level
shifter and a sequence signal level shifter. These techniques
are described in Sect. 2.3.4 and Sect. 2.3.5, respectively.

2.3.1 DAC and feedback charge pump

When output voltage is RBB, a charge pump CP2 in Fig. 3
works as a VDD level shifter to feedback negative voltage
into the core voltage region.

To feedback body bias voltage, a switched capacitor

Fig. 4 DAC and feedback charge pump phases.

charge pump, an adder, and a DAC are utilized as shown in
Fig. 4. When RBB is requested, the charge pump and the
adder operates in two phases; biasing phase as in Fig. 4(a),
and amplification phase as in Fig. 4(b). In phase (a), capac-
itors C1 and C2 are charged to intended voltages as Eqs. (6)
and (7).

VC1 = VDD, (6)

VC2 = Vbias − Vda. (7)

In phase (b), the input voltage of the amplifier Vin− satisfies
Eq. (9) in a steady state.

Vin− = VC1 + VC2 + VPW, (8)

= Vbias − Vda + VDD + VPW. (9)

Finally, assuming virtual connection between amplifier in-
puts, we have Eq. (10).

VPW = Vda − VDD. (10)

When FBB is requested, the charge pump is disabled and
it takes other two phases; biasing phase as in Fig. 4(c), and
amplification phase as in Fig. 4(d). In phase (c), capacitor
C2 is charged to intended voltage as Eq. (11).

VC2 = Vbias − Vda. (11)

In phase (d), the input voltage of the amplifier Vin− satisfies
Eq. (13) in a steady state.

Vin− = VC2 + VPW, (12)

= Vbias − Vda + VPW. (13)

Finally, assuming virtual connection, we have Eq. (14).

VPW = Vda. (14)

To employ enough linearity between RBB and FBB,
the design of CP2 needs two considerations. First, switching
frequency is slow enough to charge to an accurate voltage. If
the frequency is too fast, especially under low VDD, a capac-
itor can not be fully charged, which impacts on differential
nonlinearity between RBB and FBB. Second, capacitor lay-
out is carefully designed. Node F in Fig. 4 is the most sen-
sitive to parasitic capacitance. The node F is “flying” when
switching from phase (a) to phase (b). In phase (a), the volt-
age of the node F becomes VDD. When switching to phase
(b), the node F is charged to VPW +VC1 from VDD by capaci-
tor C1. The parasitic capacitance on the node F is charged to
different values in phase (a) and phase (b) and it results in an
error of the output voltage. In contrast, any other node does
not have voltage difference between phase (a) and phase (b)
at steady state and is not sensitive to parasitic capacitance.

2.3.2 Output charge pump

To output RBB voltage, which exceeds the supply voltage,
the other charge pump CP1 is utilized as shown in Fig. 3.
Detailed schematic is shown in Fig. 5. The charge pump
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Fig. 5 Output charge pump for RBB.

Fig. 6 Clock signals for the output charge pump.

boosts output voltage of the amplifier according to Eq. (15),
where Vamp is the output voltage of the amplifier

VPW = Vamp − VDD. (15)

To acquire large enough current to drive load with small area
penalty, we utilize a high frequency clock. This point is
different from the charge pump CP2.

The charge pump has two phases. At the first phase, C4
is charged to VDD. At the second phase, ϕ0 becomes on and
M2 turns on to boost the voltage as described in Eq. (15).
Timing chart for the input clock signals is shown in Fig. 6.
The charge pump operates with a pair of non-overlap clocks
ϕ0 and ϕ2. It also requires their inverted clocks ϕ1 and ϕ3,
respectively. Because the output is negative voltage, volt-
age swing for the gate of M2 should be between VPW and
VPW + VDD. We define VDD,aux = VPW + VDD. Clock sig-
nals with negative voltages are generated by a clock level
shifter described in Sect. 2.3.4. On the other hand, voltage
swing for the gate of M4 should be between VPW and VDD.
It can be larger than the allowable voltage range for a core
transistor when operating under the nominal supply voltage
hence we utilize stacked pairs of two MOSFETs to reduce
the stress. The core voltage clock ϕ1 drives M4.1 and nega-
tive voltage clock ϕn1 drives M4.2. M4.3 and M4.4 protect
M4.1 and M4.2 from the high voltage, respectively.

To output FBB voltage, we stop the charge pump and
bypass it through M5. An inverter consisting of M5.1 and
M5.2 drives gate voltage of M5. Because this pull-up cir-
cuit for M5 does not require any clock signals, VPW never
become floating even in a reset or a start-up state. When

Fig. 7 Schematic of the amplifier.

Fig. 8 4-phase clock level shifter and VDD,aux generator.

generating RBB, M5.3 pulls the gate down to VPW. A gate
signal for the M5.3 is produced by a latched level shifter
(LLS) described in Sect. 2.3.5.

2.3.3 Phase compensation

A phase compensation capacitor Cc is added to keep stabil-
ity of the feedback loop as shown in Fig. 7. A dominant pole
is established by Cc. Details of the compensation method
can be found in Ref. [5]. In order to suppress switching
noise from charge pump CP1, the capacitor terminal is not
connected to the output of the amplifier but to the charge
pump output (VPW).

2.3.4 Clock level shifter and auxiliary voltage generator
for negative voltage region

To drive charge pumps CP1 and CP2, 8 clock signals and
an auxiliary voltage are generated by a clock level shifter
and an auxiliary voltage generator, respectively. First, non-
overlapping clocks ϕ0, ϕ2 and inverted clocks ϕ1, ϕ3 shown
in Fig. 6 are generated from a single logic clock [8]. These
clock signals and VPW are fed to the clock level shifter.
Clock signals ϕn0–ϕn3 shown in Fig. 6 are the outputs of the
clock level shifter and VDD,aux is the output of the auxiliary
voltage generator.

Second, to drive MOSFETs in the negative voltage re-
gion, a clock level shifter shown in Fig. 8(a) is utilized. Four
cross-coupled NMOSFETs keep the lower level VPW. While
ϕn2 is at the higher level, M1 and M4 define the lower lev-
els of ϕn0 and ϕn3, respectively. While ϕn0 is at the higher
level, M2 and M3 define the lower levels of ϕn1 and ϕn2,
respectively.

Third, VDD,aux, which is a power line for the negative
voltage region, is generated by two cross-coupled PMOS-
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Fig. 9 Schematic of latched level shifter.

FETs as shown in Fig. 8(b). Since the clocks swing be-
tween VPW and VPW + VDD, auxiliary voltage is VDD,aux =

VPW+VDD. While ϕn3 is at the lower level, M5 conducts ϕn1

to VDD,aux. While ϕn1 is at the lower level, M6 conducts ϕn3

to VDD,aux.

2.3.5 Latched level shifter

A latched level shifter shown in Fig. 9 sends a control signal
to the negative voltage region. The latched level shifters
are utilized to drive the switches in CP2 and the bypass
switches.

The signal D propagates into the negative voltage re-
gion via coupling capacitors. When CK is low, regardless of
D, the voltage of the nodes E and EB becomes VNW, which
is the low level in the negative voltage region. Transiently
the voltage of E and EB can be lower voltage than VNW, but
the cross-coupled NMOSFETs stabilize the voltage of E and
EB to VNW. When CK is high, according to D, either of E or
EB becomes VDD,aux, which is the high level in the negative
voltage region. Another node is pulled down by the cross-
coupled NMOSFET. The voltage of the nodes E and EB are
amplified and hold by the RS-latch and we get level-shifted
signal at Q and inverted signal at QB. We have designed a
NOR gate with separated power terminals for this circuit.

3. Cell-based Design of the BBG Embedded in an
Application Core

3.1 Cell-based Physical Design of the BBG

Physical layout of the BBG is designed under a cell-based
design flow described in Ref. [7]. The netlist of the BBG is
disjoint from that of the target circuit except for power sup-
ply, clock, and reset signals. They are merged and the uni-
fied netlist is used for generating a completed layout through
the cell-based design flow. The BBG is split into 760 analog
cells including metal fringe capacitors, transmission gate for
switched capacitors, and amplifiers. Every cell is single
height and compatible with digital design flow for place and
route. The auxiliary power lines are routed as signal nets
since the lines only feed eight NOR gates with maximum
current of 2 µA.

3.2 AES

An AES cipher core was implemented for demonstration of

Table 1 Synthesis constraints and characteristics of the AES cipher.

Supply voltage 1.2 V

Frequency 400 MHz

Number of cells 28k

Fig. 10 Chip photograph, AES block, and placement.

the BBG. Synthesis constraints and characteristics are sum-
marized in Table 1.

The AES cipher and its function test block are shown
in Fig. 10(b). The function test block consists of a pseudo
random number generator with a linear feedback shift regis-
ter (LFSR) and a comparator. Results of comparison can be
measured outside the chip. The substrate island consists of
BBG, AES cipher, AES inverse cipher, process monitor [9],
controller [10] and ring oscillators.

3.3 Layout

The BBG was designed to control an AES cipher core in
a 65 nm low power CMOS process with threshold voltage
around 0.5 V.

Physical layout of the BBG and AES cipher core is de-
signed by an EDA tool for cell-based design as shown in
Fig. 10. Figure 10(a) shows a placement result by the EDA
tool. In this design, we assume that the substrate island is
small enough to ignore the variation inside the island. A
body biasing mesh network on metal layers maintains uni-
form body bias voltage on one substrate island. Thus the
placement of the BBG and the monitor circuit is not im-
portant. The EDA tool has automatically placed the BBG
cells on white space of the AES cipher. If the island is not
small and the variation inside the island is not negligible, the
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Fig. 11 Measured output voltage, DNL, and INL from reverse body bias
to forward body bias.

island should be split into smaller island. In case that the is-
land cannot be split by some reason, we should consider the
number and the placement of the monitor circuits.

Total area of the circuit is 0.22 mm2, which includes
the AES cipher, the process monitor and the BBG but ex-
cludes a function test block. It is calculated by subtracting
the function test block area of 0.02 mm2 from the total area
of 0.6 mm × 0.4 mm = 0.24 mm2 as shown in Fig. 10(c).
Area of the BBG is 0.0052 mm2, which is the sum of total
cell area for the BBG. Thus area overhead of the BBG is
2.3%.

4. Measured Results

The BBG in the AES cipher is measured under its test mode.
Input code for the BBG is controlled externally and body
bias voltages (VNW and VPW) are measured.

Figure 11(a)–(c) and (d)–(f) shows output voltage of
the BBG, differential nonlinearity (DNL), and integral non-
linearity (INL) at VDD = 1.2 V and 500 mV, respectively.
The horizontal axis is the input code for the BBG. The most
significant bit (MSB) of the input code switches between
FBB and RBB. The other bits are the input of the DAC. Neg-
ative values for input codes correspond to RBB and positive
values correspond to FBB. The DNL is less than 0.5 LSB at
every code. Thanks to the feedback charge pump, no signif-
icant DNL found at input code 0, changing point between
RBB and FBB. The INL is at most 85 mV at nominal volt-
age VDD = 1.2 V, which possibly caused by leakage of the
switch or offset of the amplifier. If the BBG is integrated in
a feedback system using the monitor circuit [11], impact of
the INL can be suppressed.

Transient responses at the lowest and nominal VDD

were measured to verify stability of the feedback system as

Fig. 12 Measured transient responses.

Fig. 13 Measured transient responses of body bias voltage and 2-input
NAND gate delay.

Fig. 14 Operating ranges of the AES.

shown in Fig. 12. No dumping appeared at both conditions.
Transition of gate delay is measured in order to take

into account RC-delay for well resistance and capacitance.
Figure 13(a) shows the transition of 2-input NAND gate
measured by a 29-stage ring oscillator, controlling from
−0.4 V reverse body bias (RBB) to +0.4 V forward body
bias (FBB). Transition time to 90% is 0.16 µs and RC-delay
in the well is not dominant in this experiment. Figure 13(b)
shows the transition of the 2-input NAND gate, controlling
from FBB to RBB. Due to the charge pump, transition is
slower than (a).

Operating ranges of the AES are shown in Fig. 14.
Without body bias, minimum supply voltage is 1.15 V at
frequency 400 MHz as shown in Fig. 14(a) and power con-
sumption is 484 mW. With 0.6 V forward body bias for both
NMOSFETs and PMOSFETs, minimum supply voltage is
0.975 V as shown in Fig. 14(b) and power consumption is
400 mW including that of the BBG. The power consumption
of the BBG is at most 0.6 mW according to its simulation.
The results show that forward body bias reduces power con-
sumption 17% without penalty in operating speed. As the
supply voltage becomes lower, the power of the target cir-
cuit becomes smaller and the power overhead of the BBG
becomes relatively large. On the other hand, the impact of
variation compensation is expected to be large when the sup-
ply voltage becomes lower. Thus it is not clear at which sup-
ply voltage the BBG overhead and power reduction balance.
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Table 2 Summary and Performance of the BBG.

Parameter this work prev. work [5] [12] [13] [2]

Process 65 nm 65 nm 90 nm 90 nm 65 nm

Supply 0.5 V to 1.2 V 0.6 V to 1.2 V 1.2 V 2.5 V & −1 V > 1.1 V

Core supply 0.5 V to 1.2 V 0.6 V to 1.2 V 0.8 V to 1.2 V 1.0 V 1.2 V

Output FBB/RBB FBB FBB FBB/RBB FBB

Resolution 19 mV † 38 mV 8 mV - binary

BBG circuit area 0.0052 mm2 0.0023 mm2 0.03 mm2 0.006 mm2 -

Core circuit area 0.22 mm2 0.1 mm2 1 mm2 0.15 mm2 15 mm2

Area overhead 2.3% 2.3% 3% 4% < 3%

Layout design automated automated modular custom automated

Power consumption 0.6 mW 0.12 mW 0.21 mW 1.5 mW -

Response time 2 µs ‡ 2 µs 5 µs 70 ns -

† is a maximum value at VDD = 1.2 V and is proportional to VDD.
‡ is at VDD = 1.2 V and it also depends on input values.

Performance summary and comparison of the BBG is
described in Table 2. Output range of the BBG covers both
FBB and RBB without requiring additional supply. The pro-
posed BBG operate under wide range of supply voltage from
0.5 V to 1.2 V.

5. Conclusion

A forward/reverse body bias generator for fine-grained body
bias has been presented. The correct operation of the BBG
is verified under wide range of supply voltage from 0.5 V to
the nominal voltage of 1.2 V and the output voltage range
covers both forward and reverse body bias. The BBG is in-
tegrated into an AES cipher using a cell-based design flow.
A demonstration with the AES cipher shows that the BBG
can work correctly for performance tuning under the sup-
ply voltage of 1.2 V down to 0.5 V, which can be exploited
for reducing power dissipation. A 17% power saving is ob-
served at a constant operating frequency of 400 MHz.
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