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A Simple Subthreshold CMOS Voltage
Reference Circuit With Channel- Length
Modulation Compensation

Po-Hsuan Huang, Hongchin Lin, Member, IEEE, and Yen-Tai Lin

Abstract—This brief presents a simple reference circuit with
channel-length modulation compensation to generate a reference
voltage of 221 mV using subthreshold of MOSFETs at supply
voltage of 0.85 V with power consumption of 3.3 uW at room
temperature using TSMC 0.18-um technology. The proposed
circuit occupied in less than 0.0238 mm 2 achieves the reference
voltage variation of 2 mV/V for supply voltage from 0.9 to 2.5 V
and about 6 mV of temperature variation in the range from
—20°C to 120 °C. The agreement of simulation and measurement
data is demonstrated.

Index Terms—Compensation, channel-length modulation, refer-
ence voltage, subthreshold.

I. INTRODUCTION

N many applications, a precise and stable reference voltage
I is widely used in digital and analog circuits like analog—dig-
ital (A/D) and digital-analog (D/A) converters, voltage regula-
tors, DRAM/flash memories and other communication devices.
The demands for smaller area, low power consumption and
low sensitivity to the supply voltage (Vyq) and temperature are
getting increased. Recently, the voltage reference circuits were
proposed to achieve smaller area without resistors [1], or low
power supply, such as 1 V [2], [3]. However, all of them require
big-area diodes or parasitic bipolar junction transistors (BJTs)
with turn-on voltage as high as 0.6 V at room temperature.
Thus, some people started to exploit MOSFETs operated in
subthreshold region to generate the reference voltage indepen-
dent of the power supply and temperature, while reduce the
chip area and power dissipation [4], [5]. However, the former
one [4] is focused on constant reference current. It requires a
thermal-independent grounded resistor to convert to the desired
reference voltage. The latter [5] can generate a good reference
voltage, but is more complicated than the one proposed in this
brief.

II. DESIGN PRINCIPLES

The subthreshold characteristics of MOSFETs [5], [6] are
briefly explained in this section. When Vg < Vg, the
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drain current Ip is quite small but nonzero, where Vry is the
threshold voltage. It exhibits an exponential dependence on
Vas. This effect can be formulated for Vpg greater than roughly
200 mV

Vas
Ip = Iyexp — 1
D = loexp (1)
where ¢ > 1 is a non-ideal factor and V; = KT /q. The above
equation can be rewritten as

VGS = CVT In <I—D) . (2)
1o

From the above equation, we know V(g is a positive-tempera-
ture coefficient voltage if Ip /Iy remains constant but it relies
on some circuit technique to achieve.

If the MOSFET is in subthreshold region, the relation be-
tween Vs and Vry as a function of temperature is [5]

n(T)
n(Tp)

T
x[Vas(To) — Vru(To) — VOFF]?O 3)

Vas(T) = Vou(T) + Vorr +

where, n(T') = 1+ C4/Coy is the subthreshold slope factor and
VoFrr 18 a corrective constant term used in BSIM3v3 models [7].
By assuming n(7T') only varied slightly with temperature, which
means n(T) =~ n(Tp), the threshold voltage can be modeled
as VTH(T) = VTH(T(]) + KT(T/TO — 1), where K+ < 0.
Therefore, Vs can be approximated as

T
Vgs(T) ~ Vgs(To) + KG (T — 1> (4)
0
where K¢ = K1+ Vas(To) — Vru (7o) — Vorr. The quantity
K¢ is negative, so Vs is decreased with the temperature. By
combining the effects of (2) and (4), the reference voltage inde-
pendent of the temperature can be obtained.

III. PROPOSED CIRCUIT AND ANALYSIS

A new less complicated circuit than that presented in [5] is
proposed in Fig. 1. The circuit in Fig. 1 can be divided into three
parts. The first part is made of transistors M1 to M5 and resistor
R;. The second part includes M6 to M9 and resistor Ry. The
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Fig. 1. Schematic of the proposed voltage reference circuit.

last part is composed of transistors M10, M11 and resistor R
to generate the reference voltage Vg.

A. Circuit Analysis

To analyze the circuit, we start from the current I4 in the
second part. It is generated by transistors M8, M9 in sub-
threshold region to obtain a current independent of power
supply variation. With Vgss = Vgsg + 14 Ro and the relation
from (2), the following expression can be obtained:

Vr Py
Iy=—In|— 5
A% R H<P8> (%)

where P = Weg/ Log and transistors M6 and M7 are assumed
to be identical. Obviously, I 4 provides a proportional-to-abso-
lute temperature (PTAT) current.

In the first part, transistor M1 mirrors the current I4 to gen-
erate Vg3, which is used to produce Ig = Vs /Ry if Ic = 0.
From (4), we know I gives a negative-temperature coefficient.
It is important to note that the transistor M3 should be operated
in subthreshold region.

The drain current of M5 mirroring N times of current 14 is
expressed as [c = NI4. It is used to compensate channel-
length modulation to be explained below. Iz can be written as
(6). It means increment of I~ results in decrement of Iz due to
constant Vgss

v
Ip =55 _1.. (6)

After I 4 and I mirror to M10 and M11, we have the reference
voltage Vg given as

([ Pwo Py
Vr = <?7]A + ?ZIB> X Rj. (N

By substituting (5) and (6) into (7), we have

Ve = aVgss + BVr (®)

where « = (P11R3/P2R1) and ﬁ = ((Plo/P7) —
N(Py1/P>))(R3/R2)(In(Py/Pg). To obtain a constant Vg,
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Fig. 2. Currents I4, Ig, Ipio, and Ipq; indicated in Fig. 1 as functions of
supply voltage.

TABLE I
PARAMETERS OF TRANSISTORS AND RESISTORS USED IN
THE PROPOSED VOLTAGE REFERENCE CIRCUIT

name W/L (um) | name W/L (um)

M1 40/8 MI10 160/12

M2 20/8 Ml11 16/12
M3, M4 50/2

M5 3/0.5 name | Resistance (k)
M6, M7 25/6 R1 250

M3 2/2 R2 350

M9 100/2 R3 130

i.e., OVR/OT = 0, the following condition must be satisfied to
achieve a zero-temperature coefficient:

(07 Tg K
- = ——-—. 9
B Ke ¢q ®

B. Compensation of Channel Length Modulation

The current I mirroring N times of /4 may help reduce
the channel-length modulation effect. The following gives the
reason.

Ip = (Vgs3/R1) — N1, can be obtained, after Ic = N14
is substituted into (6). Thus, (7) becomes

Py P11 (Vass
Ve=|—1 —_— - NI X Rs. 10
R [ p, 14 + P\ R, A 3 (10)
Since (Vass/R1) = ((Vr/R1) In(Ips/Iy), the derivative with
respect to Vg4 is

9 (Vass/R1) _ CVr 9lps
and ID?,Rl and
Vp Py 9l4

= . 11)
IpsRy P; 0V (

By taking the derivative of (10) with respect to V4, the fol-
lowing expression may be derived:
Vg _ [P Pu P Py (Vr

Vaa | P Po Py P; Ip3R;

ol
X R3 X A

(12)
dd

From the above equation, it can be observed that the minus sign
in front of (P11/P2)N helps reduce the variation of Vg due to
the channel-length modulation effect of 1 4.
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Fig. 3. Die photo of the proposed circuit.
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Fig. 4. (a) The V,er output waveform during the start-up period. (b) The con-
stant reference voltage waveform after the circuit reaching the steady state.
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Note that even though the factor N can be used to compen-
sate channel-length modulation, it can not be selected to be too
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Fig.5. Simulated and measured reference voltages versus different supply volt-
ages at room temperature.
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tures at Vg = 1 V.

TABLE II
PERFORMANCE SUMMARY OF THE SIMULATED AND MEASURED RESULTS

Parameter Sim. Mea. Units
Supply voltage (Vi) 1 0.85 v
Power consumption 4.2 33 uw
Nominal V. 224 221 my
me sensitivity to 7, 3 2 mv/V
qu/' sensitivity to temperature 6 6 mVp-p
Die area 0.0238 mm’

large so that Transistors M2 and M4 can not have the reasonable
current for conduction.

Fig. 2 demonstrates the simulated currents /4 and Ipjg are
increased when Vg is increased, where Ipqg is the current of
transistor M10. However, I¢c helps Ip and Ipg; decreased in-
stead of increased, where Ipi; is the current of transistor M11.
The opposite trends of Ip19 and Ip1; compensate each other to
minimize Vg increased as V4 is increased.

IV. SIMULATION AND MEASUREMENT RESULTS

The new voltage reference circuit was fabricated using
TSMC 0.18-pm technology with threshold voltages of nMOS
and pMOS to be 0.461 V and —0.439 V at room temperature.
The device parameters are listed in Table I. The output voltage
is 221 mV with the average power dissipation of 3.3 uW at the
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lowest supply voltage Vzq = 0.85 V. The sensitivity to power
supply (Viq) from 0.9 to 2.5 V is 2 mV/V.

Fig. 3 shows the die photo, the area is only about 0.0238 mm?
including the core voltage reference circuit, the start-up circuit
and the output unit-gain buffer for measurement. Fig. 4 demon-
strates the measured waveform with V3 = 1 V at room tem-
perature. Fig. 4(a) shows the output jumps to near 1 V when the
power is turned on and then approaches to the constant voltage,
222 mV as shown in Fig. 4(b).

Figs. 5 and 6 compare the simulated and measured results for
different supply voltages at room temperature and different tem-
peratures at Vi = 1V, respectively. In general, the measured
results agree well with the simulation results. The summary of
the performance is listed in Table II.

V. CONCLUSION

A new less complicated low-voltage low-power CMOS ref-
erence circuit using subthreshold characteristics with the tech-
nique to compensate channel-length modulation is presented.
The reference voltage about 222 mV with voltage variation
2 mV/V for Vzg = 0.9 to 2.5 V and 6 mV peak-to-peak for
temperature variation from —20°C to 120 °C is achieved in
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the chip area less than 0.0238 mm?

consumption of 3.3 W.

with minimum power
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