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Abstract: A CMOS bandgap reference (BGR) without a resistor,with a high power supply rejection ratio and output be-

low 1V is proposed. The circuit is suited for on-chip voltage down converters. The BGR is designed and fabricated using an

HITC 0. 18,m CMOS process. The silicon area is only 0. 031mm* excluding pads and electrostatic-discharge (ESD) protec-

tion circuits. Experimental results show that the PSRR of the proposed BGR at 100Hz and 1kHz achieves, respectively,

=70 and — 62dB using the pre-regulator. The proposed BGR circuit generates an output voltage of 0. 5582V with a varia-

tion of 1. 5mV in a temperature range from 0 to 85C . The deviation of the output voltage is within 2mV when the power

supply voltage Vpp changes from 2.4 to 4V.
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1 Introduction

With the rapid evolution of CMOS technology,
on-chip CMOS voltage down converters are widely
used for power management applications'’' . The volt-
age reference is an important component in the design
of on-chip voltage down converters. [t should be free
from fluctuations of process, power supply voltage
Vopsand temperature, and should also be implemen-
ted in the standard CMOS fabrication process. The
bandgap reference (BGR) is one of the most popular
reference voltage generators, whose output is usually a
weighted sum of the forward-bias emitter-base volta-
ges across parasitic vertical pnp in any standard
CMOS technology and the thermal voltage V,'*~*.
The relative weighting is commonly adjusted by trim-
ming the ratio of the resistors. The presence of resis-
tors is a drawback for some applications. In CMOS
technologies, resistors’ models are not accurate and
resistors consume more area than MOS transistors.

As an alternative,a CMOS BGR without resistors
was presented by Buck et al." . However, the output
of the resistor-less BGR circuit is not accurate
enough.Song et al.adopted an improved core circuit
for the BGR and a current proportional to T¢ (T is
the absolute temperature and « is a constant) in order
to compensate the higher order for the forward-bias
voltages across p-n diodes in the resistor-less BGR™ .
A resistor-less CMOS BGR with less than 1V output
has, respectively, been presented by Cheng et al.'™
and Weng et al.'® . In general, these reported solu-
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tions cannot achieve high power supply rejection ratio
(PSRR) over a broad frequency range. Moreover, the
supply noise injected to the output of the BGR circuit
is the most significant noise. On the other hand, a
high PSRR BGR is desired to achieve a high perform-
ance VLSI system, particularly in wireless communi-
cations. Therefore, it is necessary to choose a BGR
structure to achieve high PSRR over a broad frequen-
cy range to reject the supply noise coupled from the
high-speed digital circuit on the chip.

In this paper,a resistor-less CMOS BGR with less
than 1V output is proposed. Employing an improved
core circuit for the BGR without a resistor and a pre-
regulator, the circuit achieves a high PSRR over a
wide frequency range and a good temperature charac-
teristic over a wide temperature range. It is particular-
ly useful as an alternative voltage reference for an on-
chip voltage down converter.

2 Conventional bandgap reference

The conventional CMOS BGR without resistors"”’
is shown in Fig. 1. For convenience,in this paper,it is
assumed that the current through transistor Mi is [, ;
W, and L, are, respectively, the channel width and
length of transistor Mi. In Fig. 1,the proportional to
absolute temperature (PTAT) voltage AVp = Vi, —
Vs 1s applied across the differential pair M12, M13,
and the resulting current is multiplied by G using cur-
rent mirror M16,M17 and is delivered to the differen-
tial pair M14,M15. V3 and Vp, are, respectively, the
forward bias voltages across diode Q3 and diode Q4.

(©2008 Chinese Institute of Electronics



1518 e

{ZS

¥ 29 %

I @

ABW/L

| |
| I
WD), GOMID), |

Q
5=
”
A

Fig.1 Core schematic of the conventional BGR
Here,Q3 has an area that is N times that of Q4. All
the MOS transistors work in strong inversion. So, the
output voltage of the conventional BGR circuit,i.e. ,
Vwer scan be written as

Veer = Vi +m(‘/m* Vi) (D
Vi has a negative temperature coefficient, and the
second term in Eq. (1) is proportional to the absolute
temperature T. So, by choosing the appropriate pa-
rameters for B and G ,the temperature dependence of
Vrer Will become negligibly small.

3 Proposed bandgap reference

Figure 2 shows the complete schematic of the
proposed BGR,and all MOS transistors adopt the long
channel transistor so that the channel-length modula-
tion effect is negligibly small. The proposed BGR con-
sists of the core circuit of the BGR,the current source
circuit, the pre-regulator, and a start-up circuit. The
current source circuit, whose operating supply voltage

G( WIU/LIO)

is the internal regulated supply voltage Vg ,produces
a current proportional to T¢ Chere, T is the absolute
temperature and « is a constant) ,and will be discussed
in Section 3. 1. Because there are two possible equilib-
rium points on the current source circuit, a start-up
circuit is necessary. MS1 ~ MS5 are the start-up cir-
cuits. The core circuit of BGR generates a bandgap
voltage Viger less than 1V and has a good temperature
characteristic, and will be analyzed in Section 3. 2.
The function of the pre-regulator is to produce an in-
ternally regulated supply voltage Vigs that is the op-
erating supply voltage of the core circuit of the BGR
and the current source circuit instead of the power
supply voltage Vopp. Viwes is adjusted by a negative
feedback loop such that the condition of equality of
the voltages at nodes 1 and 2 is achieved. So,the vari-
ation of Vpp can be rejected. Detailed analysis and de-
sign of the pre-regulator and PSRR will be presented
in Section 3. 3.

3.1 Current source circuit

As shown in Fig. 2 (b), the proposed current
source circuit consists of M1 ~M7,Q1,and Q2. It is
similar to that reported in Ref.[ 6] but the operating
supply voltage is replaced by Vs and only nine tran-
sistors are adopted instead of eleven. Ql and Q2 are
the same. M2~MY7 form a cascode current mirror and
I, = NI,. Given a bias current I. in the pnp tran-
sistor, it is concluded that the emitter-base voltage
Ves = Vin(I./Is),where V, is the thermal potential
(kT/q). So, the drain-source voltage of M1, i.e.,
Vst sis equal to V InN.In fact,the temperature func-
tion of the mobility of an electron with a reference
temperature T,.i.€. .pu, -can be modeled as"*'"

a(T) = 4y (T CT/T,) on (2)

\_Ti”_‘Mu I_’i-”_lMIO lé'_,lv[g ]’_i”_lMs

4 REF
©) Vs
v, BOVIL) AB(WIL)

(
J M13

Q3 |@|II| MbS ’_‘ 1II| !
T5Me o4 D5 mis 2
| Mbl b M15!

| |
Mb2 P <1 .

4 M16 M17

GOV, JL.,)

(@

Fig.2 Proposed BGR

e e LG |

. i | — !
by Mgl | oLy |

®}_ﬁ Vi 1 : Ms3
M22 i

MZ]}— [M19 ;MB M25| | Msd
Ql i
|

(b) © @

(a) Core circuit of BGR;(b) Circuit of current source; (¢c) Pre-regulator; (d) Start-up circuit



% 8 3

Zhou Qianneng et al . .

A High-PSRR CMOS Bandgap Reference Without Resistor 1519

where 4, (T,) is the mobility of an electron at tem-
perature T, and f,, is the mobility exponent of an
electron. In Fig. 2(b) , M2~ M7 operate in the satura-
tion region and M1 is in the triode region. So, the
drain current of M5 can be given as

I, = PT* (3
where

2

(slnN) X#‘1(7Z—‘r)
a= 2= B

Cox 1s the gate oxide capacitance per unit area. Equa-

tion (3) shows that the current [I; is proportional to

Te.

3.2 Core circuit of bandgap reference

The core circuit of the proposed BGR is shown in
Fig. 2(a) and consists of M8~M17,Q3~Q4,and Mbl
~Mb4. The operating supply voltage of the proposed
core circuit of BGR is Vygg instead of Vpp. Tran-
sistors M11-M5 and M9-M5 are, respectively, current-
mirror pairs. (W/L);;, = K;; (W/L); and (W/L), =
Ky(W/L)s.S0 I,;, = Ky; PT* and I, = K, PT*. Tran-
sistor Q3 has an area that is N; times that of Q4. So
the saturation current of Q3 and Q4 has I = N, I, .
The emitter-base voltage Vi (T) in the pnp transistor,
with a bias current in the form of I(T) = MT? (here
and M are the constants) ,can be expressed as"®’

Vs (T) = Vg — VIL(y—InT - In(ME) ] (4)
where Vg, is the bandgap voltage of silicon at temper-
ature OK, E is a constant,and y is a process dependent
parameter equal to 4 — m (the constant m comes
from the temperature exponent of the carrier mobility
dependence on temperature) . In Fig. 2(a) , Mbl~Mb4
are all long-channel pMOS resistors (i.e. L/ W=10),
and are the same. They have negligibly small drain
current. The emitter currents of Q3 and Q4 are, re-
spectively, Iz = I3 = K3 PT  and 1o = I = Ko PT.
So,the emitter-base voltages of Q3 and Q4 (i.e. Vi
and Vp,) are,respectively,written as

Vo (T) = Vg — VI[(y =) InT — In(EPK,)](5)
Vs (T)=Vea=V.[(y—aInT — In(EPK ;) ]-V InN,
(6)

To analyze the voltages at node 6 and node 7,
which are denoted as V; and V;, respectively, a
single- expression MOSFET model"""'*' useful in the
weak, moderate, and strong inversion regions, will be
employed. It is given by

Iy = 2uCox PnViln'[1 + ¢ es ] ()

where n is defined in Ref. [12], and Vg4 is the
threshold voltage of the MOSFET. Transistors Mbl ~

Fig.3 Core circuit of BGR reported in Ref.[6]

Mb4 are the same and have negligibly small drain cur-
rent,so the voltages Vs and V; can, respectively, be
expressed as

Ve(T) = 0.5V (T) (8

V,(T) = 0.5V (T) 9
Thus, the temperature characteristics of V, and V;
are,respectively, the same as those of Vp; and V.
That is, the temperature characteristic of the BGR is
not affected by the dividers Mbl ~Mb4. M12 ~M17
operate in the saturation region,and (W/L),, = A™'
(W/L)s =(W/L),B'= (W/L)3; A" B™'. M8-
M5, M10-M5, and M16-M17 form, respectively, cur-
rent-mirror pairs, and they have (W/L)y = G(W/
L)yand (W/L);; = GCW/L)s.So,the output volt-
age of the proposed BGR,i.e., Vg, is obtained as

VREF = V? + V BG( V7 - Vﬁ) = 0. 5VD1 +
O.BN/E( VD4 - VD3) =
3 Ve = VLo —@InT — IncEPK )] +

VM/BGln% (10)

11
Differentiating Eq. (10) with respect to temperature T,
the temperature dependency of Vg can be written as

d Vrer _ 1 Vo,
T _— =5 X To(y a)(1 +InTy) +
1 Vi N, K,
= +/ EAE LTS
5 X T. <1n(EPK9) BGln K., ) (1D

As shown in Eq. (11), (9 Vegp/d T) |77, =0 (where
T, is the room temperature) can be obtained by opti-
mizing the circuit parameters. However,an absolutely
temperature-independent Vygr is not possible over the
whole temperature range,so a nonlinear temperature-
dependent error voltage appears at Vggr. Compared
with the temperature dependency of the BGRs, which
have been reported in Refs. [5,7,8], they are on a
commensurate level.

However,the BGR presented in this paper has a
higher temperature coefficient than that reported in
Ref. [ 6]. For convenience, the core circuit of the
BGR., which is presented in Ref. [ 6], is shown in
Fig. 3. The emitter current of Q5 is proportional to T
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(i.e..G,T*,G, is a constant) , which is similar to that
of Q3 and Q4 in Fig. 2. Nonetheless, the emitter cur-
rent of Q6 is independent of the temperature T and is
a constant G, .So,the emitter-base voltages of Q5 and
Q6 (i.e., Vps and Vi) have Vs — Vi = VIn( G,/
G,) + oV InT, which cancel the first order of the T
term and the skewed-parabola shaped TInT term in
VDB = thn(NlKg/
K ;) ,and only cancels the first order of the T term
and not the TInT term in Vp,.That is to say,the cir-
cuit reported in Ref. [ 6] is a higher order corrected
BGR.,but the proposed circuit in this paper is only a
first order corrected BGR. Therefore,the output volt-
age of the BGR reported in Ref.[6] has a lower tem-

Vs . Whereas,in this paper, Vp, —

perature dependency.
3.3 Pre-regulator and PSRR

To achieve a high power supply rejection ratio
(PSRR) over a broad frequency range,a pre-regulator
circuit configuration is introduced. A simple circuit is
chosen in this paper, based on the consideration of
stability and complexity of the circuit, as shown in
Fig. 2 (c). The operational transconductor amplifier
(OTA) forms a negative feedback loop,and consists
of M18 ~ M27. Therefore, the operating supply volt-
age of the proposed BGR core and current source cir-
cuit is the output of the OTA instead of V. The out-
put of the OTA should be set to ensure that transistor
MZ26 is in the saturation region and the proposed BGR
can work out its function. The voltage variations at
node 1 and node 2 are, respectively, sensed by M20
and MZ21. The amplified voltage is sensed by M24,
which feeds a current into the node VREG to force it
to the correct voltage. The PSRR can be quantitative-
ly analyzed as follows.

Let us assume an incremental variation v, at
node VREG. For convenience,it is assumed that g, is
the transconductance of Mi;and i, is the small-signal
current of Mi. We can now write the following ex-
pressions for the incremental currents in the circuit.
_ Vieg
a 1/gm5 +1/gm4 +gm3R81rdsP, (12)
Imj = &mjlms/ &ms
j =7~11,and 18
where Ry is the equivalent resistance seen from the
drain of M1 to ground and r,; is the source-drain re-
sistance of M3. It is assumed that v; and v, are, re-

Ums

M; : (13)

spectively,the incremental voltage variation at node 1
and node 2. We have

Vi = dms X 8ms Rs1Tas &2 Vi (14)
Vo = ipr X173 20 (15)

Impo = gmzo(Vrcg -—v) =0 (16)
Im2t = 8mat (Vig = V) = Gzt Vieg an

I m20 gmzs/gmzz )rs A 8m2a m21 Vieg I's

(18)
where r, denotes the output resistance seen from the
drain of M2 to ground and r; is the output resistance
seen at node 5. According to the Kirchhoff current
law (KCL) at node VREG, the following equations
can be obtained:

Im2a = &mat (ior —

Vag — V 26 25 §mis - . . .
7reg+@xmlms = Qo+ Dot + Imzo T
gm19gm5

imlS + im7 + imS + im8 + im9 + iml() + imll

T as26 8 m27
(19)
where vy is the incremental voltage variation at pow-
er supply voltage Vpp and rges is the source-drain re-
sistance of the transistor M26. It is derived as
View __ 1
Vad - 8 m21 m21 I's Tasze
In a similar way, the voltage variation at the output

(20)

node of BGRi.e., v,s,can be expressed as

Ve = 0.5va +v/BG(0.5v4 — 0.5v4)  (21)
where vy and vy are, respectively, the incremental
voltage variation at the emitter of Q3 and Q4. Ac-
cording to the circuit in Fig. 2, vy and vy are,respec-
tively,expressed as

Vas = gmnimsrca/gms (22)

Var = Zmoims Fer/ &ms (23)
where r and r. are,respectively, the emitter resist-
ance of Q3 and Q4. According to Eq. (10) and Eq.
(21)~Eq. (23),it is derived as

Vit _ 8my et + Mgmg Vet — «/ﬁgmn Ve3

Vieg ngs(l/gm5 + l/gm + gmeRstss)
So,the PSRR of the proposed BGR can be written as

24)

Vet
Vad

V ref

v reg

PSRRy; = 20lg -
dd

= 20lg + 20lg

reg

(25)
The equation shows that the PSRR of the proposed
BGR will be improved significantly over a wide fre-
quency range. However, in high frequency, the gate
and source-drain transconductance of the MOS tran-

sistor,i.e. ,g, and gy .can be modeled as""

- _8m

gm(w) = T jor, (26)
_ 8 sdo0
gsd(w) - 1 + thTl (27)

where g. and g are, respectively, the gate and
source-drain transconductance in low frequency;r; is
defined in Ref.[10]. So,as the frequency increases.,
|PSRR | of the proposed BGR will decrease.

4 Experimental results

The proposed BGR was fabricated in an HJTC
0.18ym 1P6M CMOS process. The micrograph is
shown in Fig.4, and the occupied chip area is
0. 031mm* excluding pads and electrostatic-discharge
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Fig.4 Microphotograph of BGR without resistor
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Fig.5 Measured output voltage versus temperature

(ESD) protection circuits. The circuit was tested at
25C ,and the average output was 0.5582V. Figure 5
shows a plot of the output voltage versus temperature
varying from 0 to 85°C with a power supply voltage of
2.5V.The output voltage has a variation of 1. 5mV.
The measured supply dependence at 25°C is shown in
Fig. 6. The output voltage deviation of the proposed
BGR is within 2ZmV when the power supply voltage
Vb changed from 2. 4 to 4V.

The measured PSRR is shown in Fig. 7. The
measurement condition is at room temperature with-
out a filtering capacitor. The PSRR at 100Hz, 1kHz,
and 10kHz are, respectively, — 70, — 62,and — 43dB.
The PSRR is sufficient for a typical on-chip voltage
down converter.

Finally, Table 1 briefly compares the BGR pro-
posed in this paper and the previous resistor-less
BGRs. The proposed BGR reduces the output voltage
variation and its output has high-PSRR performance.
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Fig.6 Measured output voltage versus Vpp
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Fig.7 Measured PSRR versus frequency
Table 1 Performance summary of the proposed bandgap refer-
ences
Parameter Ref.[5] | Ref.[7] | Ref.[8] This work
. , 0.031
Chip area/mm? 0.4 - 0.1
(except ESD)
Supply voltage/V 3.7 2.5 1.8 2.5
Power dissipation/mW 1.4 0.3 - 0.26
Reference voltage/V 1.108 0.675 0.6151 0.5582
Temperature coefficient
B 121 181 32.5 31.6
/(ppm/C)
100Hz —45 - —-34.4 -70
PSRR@25C 1kHz - 30 - —-34.3 - 62
/dB 10kHz -15 - -34 —43
100kHz -8 - -23 - 38

5 Conclusion

A CMOS BGR without resistors, which has an
output below 1V, has been proposed. It uses an im-
proved core circuit for the BGR without a resistor and
pre-regulator,and achieves high PSRR performance.
The architecture of the proposed BGR is simple and
has a small silicon area. Experimental results show
that the proposed BGR provides an output voltage
with excellent stability, a low-temperature coeffi-
cient,and high PSRR performance. It is well suited
for an on-chip CMOS voltage down converter.
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