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CMOS Bandgap References With Self-Biased
Symmetrically Matched Current—Voltage Mirror
and Extension of Sub-1-V Design

Yat-Hei Lam, Member, IEEE, and Wing-Hung Ki, Member, IEEE

Abstract—A series of bandgap references (BGRs) using a self-bi-
ased symmetrically matched current-voltage mirror (SM CVM) in
reducing systematic offset, thus achieving an excellent line regula-
tion, is presented. By replacing the operational amplifier with a
CVM in the feedback loop, current consumption is much reduced.
An SM buffer stage that is capable of driving a resistive load with
minor degradation in temperature coefficient (TC) and line reg-
ulation is also presented. The technique is extended to design a
sub-1-V BGR with a TC-cancellation output buffer. All circuits are
designed using a 0.35-pm CMOS process, and experimental results
are presented, confirming the analysis.

Index Terms—Bandgap reference (BGR), CMOS, line regula-
tion, self-biased, symmetrical matching (SM).

I. INTRODUCTION

N MANY SYSTEMS, a voltage reference that is indepen-

dent of temperature, power supply, and load variations is
essential. Bandgap references (BGRs) inspired by Widlar [1]
and Brokaw [2] are extensively employed. They combine the
correct ratio of the negative temperature coefficient (TC) of the
base—emitter voltage of a bipolar transistor and the positive TC
of the thermal voltage to achieve a temperature-stable voltage
that is related to the bandgap voltage of silicon. In standard
CMOS processes, only parasitic bipolar transistors are available
[3], and in an n-well process, for example, the collector terminal
of these parasitic p-n-p transistors has to be connected to ground.
Under this restriction, the generic topology of a CMOS BGR
takes the form shown in Fig. 1. The following observations are
in place.

1) The operational amplifier (opamp) consumes power that
may be a constraint for ultralow-power (in microwatts) ap-
plications.

2) Transistors Q1 and Qo and resistor R; constitute a propor-
tional-to-absolute-temperature (PTAT) loop if Vx = V3,
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Fig. 1. Generic topology of CMOS bandgap voltage reference.

and the matching accuracy is affected by the offset voltage
of the opamp.

3) The channel length modulation of M,; and M, affects the
matching accuracy of Ix and Iy . A second Rs could be
inserted in the Iy~ branch for better matching, but it would
take up much silicon area.

4) The bandgap voltage Vpg cannot be used to drive a resis-
tive load.

5) The common-mode voltage of the opamp of around 0.6 V
at Vy and V- makes it difficult to operate with a sub-1-V
supply voltage [4].

In this paper, we propose new circuit techniques in improving
a BGR’s power supply rejection (PSR) and ability to drive a re-
sistive load. Section II discusses the use of a well-known four-
transistor (4T) cell to replace the opamp in Fig. 1[3], [5]. Power
is reduced but matching is compromised. PSR or power supply
sensitivity of offset current, offset voltage, and bandgap voltage
are computed to serve as references for comparison. Section III
introduces the principle of symmetrical matching (SM) in re-
ducing systematic offset and enhancing PSR. It is illustrated
by an SM 8T cell in minimizing the mismatch of the 4T cell.
Section IV presents the design of a series of BGRs based on
the 8T cell. The first is labeled SMI (I stands for integrated TC
cancellation) BGR. It integrates Ry into the 8T cell to save a
third current branch for power reduction. The second is labeled
SMB (B stands for buffered output) BGR. It has an output buffer
with TC cancellation for driving resistive load, and the buffer
design is based on the SM principle without using an opamp.
The third is labeled LV-SMB BGR that could operate with a
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Fig. 2. BGR with 4T cell (4T BGR).

supply voltage below 1 V. It makes use of the 8T cell as a tran-
simpedance amplifier (TTA) with input currents injected from
folded resistor strings. It also has an SM output buffer with
TC cancellation for driving resistive load. The BGRs are de-
signed using a 0.35-pum CMOS process. Section V presents ex-
perimental results on temperature performance, line regulation,
PSR, and load transient responses of the fabricated BGRs, and
Section VI concludes our research efforts.

II. 4T BGR

With reference to Fig. 1, the feedback loop constructed by
M1, M2, and the error amplifier (EA) forces Ix = Iy and
Vx = Vy. The input common-mode voltage Vx = Vy is too
low for an nMOS common-source differential pair with normal
threshold voltage, and a pMOS input stage should be used in-
stead [4]. An output stage is needed to provide the Vpp-ref-
erenced gate drives for M,; and M,». The two stages are not
stackable, and their biasing currents cannot be shared. More-
over, the current consumed by the EA is not reused by Q; and
Qo. For a fixed current budget, tradeoffs in allocating biasing
currents to the EA (Ip) and the PTAT loop (Ix and Iy-) have to
be made.

Instead of using an opamp, a 4T self-biased cell could be
stacked on Q1 and Q2, as shown in Fig. 2[3], [5]. We label it 4T
BGR. The 4T cell serves as a self-biased differential common-
gate amplifier (D-CGA), and its biasing current is reused to bias
Q1 and Q2. The 4T cell is justifiably called a current-voltage
mirror (CVM) because of the following reasons: 1) M;,; and
M, serve as a current mirror, forcing Ix = Iy, and 2) M,;
and M,,», with their gates being connected together and with
the same drain currents, serve as a voltage mirror, forcing Vy =
Vx. In fact, the PTAT currents Ix and Iy could only be gener-
ated accurately when Vx = Vy-. The transistors My; and M,»
are diode connected to ensure an overall loop with negative feed-
back. An additional current branch (M, Ro, and Q3) is nec-
essary for TC cancellation because the 4T cell has occupied the
original location of Ry. The My, branch, in general, consumes
less current than an opamp.

From Fig. 2, it is clear that, except when Vpp =
Ver2 + Vasnt + |Vaspz| (such that Vi = V5), the Vpg's
of the paired transistors (M1, M,2) and (M,1, M,2) are dif-
ferent. Channel length modulation makes Ix slightly different
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Fig. 3. Small-signal model of the 4T BGR.

from Iy~ and leads to error in the Vag’s of M1 and M,,o, which
translates to systematic offset error at Vx and Vy-. This offset
voltage Vos = V3 — Vx can be improved by cascoding tran-
sistors [5], [6]. However, the minimum supply voltage of the
modified BGR has to be higher. Regulating the supply voltage
to the BGR could also help but with extra power consumed
by the supply regulator [7], [8]. Now, with Vg not equal to
0V, the inaccurate mirrored current affects the accuracy of the
bandgap voltage, resulting in poor line regulation. Computing
line and load regulation (AVpg/AVpp and AVpg/Al,)
amounts to solving a set of nonlinear simultaneous equations,
and not much insight could be obtained. Hence, these quantities
are usually obtained by measurement. The PSR of the bandgap
voltage vng /vaa could give some ideas on the line regulation as
it is usually a weak function of the supply voltage. The PSRs
of the offset voltage vos/vqq and the offset current io5/v4q are
computed as intermediate steps in obtaining vy, /vda and, more
importantly, for evaluating the performance of both current and
voltage mirroring of the CVM. To compute the aforementioned
quantities, we need the small-signal model of the 4T BGR with
¥qq as an input, which is shown in Fig. 3. The transistors My,
M2, and M,,, have the same W and L, and so do their g,,;, and
Tdsp. Similarly, M1 and M,,2 have the same g,,,,, and 7qsy.

To simplify the analysis, we define gqpn = 1 /rdspm. The
KCL equations are

iz = (Udd - UZ)gmp + (/Udd - vl)gdp

U1 Vg
== (1)
1
Rz + gmnt3gdn Rz
iy = (Vad — v2)(gmp + gap)
v
= (v1 - Uy)gmn + (Uz - Uy)gdn = RzTle (2)
. v
iz = (vad — V2)gmp + (Vad — Vbg)gdp = ﬁ 3)
T 2

where R, is the dynamic resistance of Q1, Q2, and Q3, because
they have essentially the same bias currents. Solving v,, and v,
in terms of v44 soon becomes too involved because they are nu-
merically very close to each other, and inappropriate approxi-
mation would make vos = vy — v, to be off by a large margin.
Whenever approximation could be invoked, we note that, for our
designs, gmy, and gpp, are on the order of 50 1A /V, and 745y, and
Tdsp are on the order of 10 M, such that g,,,rqs and g,,, R, are
on the order of 500 and 1, respectively. After solving the simul-
taneous equations, the PSR of Vyg is given by
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Also, for 155 = 4y — %4, We have
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(&)

Vdd Tdsp

Equation (5) shows that the PSR of I,s depends on the
channel length modulation of the pMOS pair My and M.
The PSR of the bandgap voltage is given by (6)

vbg ~ Q Vos 1
— 2 (Ro+R;) | — S
Vdd ( 2 ) (Rl Vdd Tdsp + R2 + Ra:)
(6]
~(Ry + R,
( 2t ) (ngmn(rdspnrdsn)
1
e 6
Tdsp‘I'RZ‘I'Rz) ( )
where
@ =1+ gmnRs raspllram (7
Tdsp

The PSR of Vg depends on two terms/mechanisms. First,
the bipolar transistors Q; and Q2 have the same dynamic re-
sistance of R,, and the Vg variation w.r.t. Vpp is, in fact,
effectively acting on R, resulting in significant PTAT current
variation w.r.t. Vpp that is mirrored to the output through M.
Second, the finite output resistance of My, contributes to the
second term of (Ry + Ry)/(rasp + R2 + Ry).

For the 0.35-pym CMOS process used in this design, |V;p| ~
750 mV at 5 °C, Vg2 =~ 0.7 V, and Vpg(sat) =~ 50 mV, and
the 4T BGR is functional for Vpp > 1.75 V. From the mea-
surement result of a fabricated 4T BGR, with Vpp = 2.5V,
the bandgap voltage Vg shows a low-temperature dependence
of 12.85 ppm/°C (AVpe = 1.39 mV out of Vg = 1.2V
for a range of 5 °C-95 °C). However, the line regulation of the
bandgap voltage AVpg/AVpp is 28 mV/V (AVpg = 49 mV
for AVpp = 3.5V — 1.75V = 1.75 V) and is relatively high.
More measurement results will be presented in Section V.

III. BGRS USING SELF-BIASED SM CVM

The current and voltage mirroring of the 4T BGR is poor due
to the systematic mismatches of both the current and the voltage.
These mismatches are supply voltage dependent and cannot be
eliminated completely by postfabrication trimming techniques.
Note that when two transistors My and Ms of the same type
are matched, their W/ L ratios are the same, i.e., (W/L); =
(W/L)2, and in most cases, W; = W and L; = L. How-
ever, their drain currents may not be the same due to channel
length modulation. If, in addition to having the same W/ L ratio,
M; and M are forced to have essentially the same drain, gate,
and source voltages, then they are called symmetrically matched
(SM), and the matching between their drain currents is much
better than that in the previous case. To enhance the matching
accuracy of the CVM, 8T self-biased SM CVMs were proposed
[9], [10]. Fig. 4 shows an improved BGR using a self-biased
SM CVM and is labeled SM BGR. Similar to the 4T CVM of

LI IS

Fig. 4. Improved BGR with SM CVM.

the 4T BGR, the SM CVM reuses the PTAT currents Iy and Iy
to achieve low current consumption. Note that all BGRs need a
startup circuit, and the start-up circuit discussed in [9] could be
used.

The dc analysis of the SM CVM is as follows. When the
PTAT loop is activated, the current Iy that flows in Qs is equal
to Ixa + Ixs. The W/L ratio of Mp; and M3 is 1: K, and
Ixp is approximately equal to K X Ixa. To provide the cor-
rect gate drive for M3, the feedback action of the SM CVM
drives V5 to be essentially equal to V3. Now, with the Vgg of
M1 being equal to the Vsg of M2, My, is then symmetrically
matched to M. Arguing in a similar fashion, we conclude that
all transistor pairs (Mn1, Mn2), (Mp1, Mp2), (Mus, Mp4), and
(Mps, Mp4) are symmetrically matched, and thus, Vy = V.
Note that, unless Vbp = Venz + Vasns + |Vaspi |, Ixs is not
exactly equal to K x Ixa because V3 is then not equal to V;.
Nevertheless, Ixa matches well with Iy, and Ixg with Iy,
suchthat [x = Ixa+1Ixs = Iya+1Iys = Iy . Itis evident that
the SM CVM has a line of symmetry (the gray line in Fig. 4) and
that Ix, Ixa, Ixs, Vx, Vi, and V3 are matched with Iy, Iya,
Iys, Vv, Va2, and V4, respectively. To generate the BGR voltage
Va@., the PTAT current Ix (= Iy) is mirrored out using M,,,
such that Mp172 : Mpz =1: K + 1. With Q2 : Q3 =1: 1, VZ
is then essentially the same as Vx, and Vg is given by

R
Vag = Vens + R—j In(N) x Vg 8)

where N is the size ratio of Q;/Q2 and Vi is the thermal
voltage.

The core transistors M1, M2, M1, and M,» constitute a
D-CGA with v,s = v, — v, as input and v as output. The
outer transistors M3, M4, M3, and M4 serve as level shifters
to provide the gate drives for the common-gate differential pair
M,; and M,» and, through feedback action, force Vo = Vj to
reduce systematic offset. For computing vos/v4q, we refer to the
small-signal model of the SM BGR shown in Fig. 5.

The W/ L ratio of M1 2 : M54 is 1: K, and that of M3 5 :
Mpza:Mpisl: K : K +1,s0
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Fig. 5. Small-signal model of the improved BGR with SM CVM.

Y9mpa * Jmpb * Ympz = Ydpa * Jdpb * Gdpz = 1:K:K+1.
)
A similar relation holds for g.,,’s and gqn’s. The offset
voltage equation is

Vos = Uy — Vg = (’L.ya_ixa'f_iyb_Z'xb)Ra:‘}_(iya'f_iyb)Rl (10)

With s = fosa + fosh = (iya — ixa) + (dyb — ixp). It is trivial

in relating paired parameters to v,s, €.g.,

iosa = iya - ixa
9dp1
e [(2 = 8) gt + gam] — 2L (1)
[( )g ! 9d 1] gdpl + Jdn1
Z'osb = ixa - ixb
= - ’Uos(gmn2 + gdn2)6 (12)
where
5= Jdp1,2 (13)

B Gmn1,2 + gdn1,2 + Gdp1,2

The offset current of the inner branches .5, and that of the
outer branches 4.1, are on the order of gmn1vos and gap2vos,
respectively. It is clear that the overall offset current ¢o5 = 7, —
i, 18 mostly due to the inner branches. To compute vos/vdd,
however, is not trivial at all, and after extensive computation
with appropriate approximations, we have

Vos 1

S o (14)
Vdd 2gmplgmnl(7"dspl||7‘dsnl)2
7 1
fos o _ . (15)
Vdd Gmpl (Tdspl ||Tdsn1 )Tdspl

Comparing (14) with (4) and (15) with (5), we conclude that
the SM CVM gives a much better PSR of the offset voltage and
current, and hence, the line regulation of the SM BGR is better.
With the help of (14) and (15), the supply sensitivity of vy is
computed as

vhg ~ 1 1 1 )
vad .\ - + Ry + R,).
vdd < Tdspz  Tdsnl  Tdspz + B2 + R e &1)6)
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In general, rqsp, > Ro + R,. Therefore

Ubg 1

~ —

Vdd Tdsn1

From (16), we learn that, with appropriate transistor sizing
of M,1—4 and M, the loop dynamics of the SM BGR helps
to cancel out the output resistance of M,,, and replaces it with
that of M. If the SM BGR consumes the same power as the
4T BGR, then the Iy, in Fig. 4is only 1/(K + 1) of the Iy in
Fig. 2, and 74qsp1 = (K + 1)7dsp,. In our design, K = 5, and
an improvement of the PSR of Vg by 20 dB could easily be
achieved.

IV. PrRACTICAL BGR DESIGNS WITH SM CVM

A. SMI BGR With Reduced Current

The three currents Iy, Iy, and Iz of the SM BGR are all
PTAT currents. An immediate question for a current-efficient
design is whether one of the branches could be eliminated. With
reference to Fig. 4, we learn that M,,; and M,,5 have similar gate
voltages, and potentially, their gates can be connected together.
If they are connected to Vy, then M .5 is left as a diode-connected
transistor with a PTAT current of Ixg. We may substitute M3
with a resistor Ry that has the value of Ry x (K + 1)/K to
generate the BGR voltage, as shown in Fig. 6, which is given by

Ry K

= In(N) x V.

Vee = V; —
BG EB2+R1K+1

(18)

This BGR has a TC-cancellation branch that consists of R3
integrated into the SM CVM cell, and it is labeled SMI BGR.
The voltage drop across R is not exactly equal to the Vg of
M,,3, and the SMI BGR is not as symmetrically matched as the
SM BGR. However, both V,; and Vpg are ground-referenced
potentials, and simulation results show only minor performance
deviation from the SM BGR. More importantly, the current con-
sumption is reduced by 33%. One may suggest replacing M4
(instead of M,,3) with R3. However, the positive-feedback ac-
tion on the right-hand side of the circuit (Mpz — R — My —
M,1 — M,2) is attenuated by the filtering capacitor Cr, and the
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Fig. 7. Proposed SMB BGR.

BGR is stable, while replacing M, 4 with R3 would make the
system unstable.

B. SMB BGR With Buffered Output

The Vg of the 4T and SMI BGRs cannot be used to drive any
resistive load, and a buffer is needed if multiple voltages have to
be derived from Vpg using a resistor divider. Instead of using
an opamp with unity-gain feedback, a low-impedance output
can be obtained by replicating and modifying half of the PTAT
generator using the SM CVM, as shown in Fig. 7. This BGR
is labeled SMB BGR. Transistors M5 and M5 are designed to
have the same W/ L ratios and gate voltages as My, and M,
respectively, and Q3 has the same size as Q2. Now, M5, Mps,
and Q3 work as a CGA. In the steady state, V7 and V3 bias
M5 and M5, respectively, to give Iza = Ixa, which could
be satisfied only if Vz = Vx. The transistor M, supplies both
Izp and the load current /. Supposing that Iz is smaller than
Ixp suchthat Iz < Ix,then V; < Vx. With a larger gate drive
voltage Vgsns = V3 — Vz, the drain current of M5 would be
larger than Ix o. As M5 can only supply Ix 4, so M,,5 is forced
to go into the triode region, and V5 goes down. As V; drops,
the gate drive of My, increases, sourcing more current to both
R3 and Ry . Therefore, in the steady state, Izp is regulated to
be equal to Ixp to give V; = Vx. Hence, a unity-gain buffer
is achieved by the CGA with feedback. More often, M5, M5,
and Q3 are regarded to form a TIA, with the input being the
current Izp = (Vg — Vz)/Rj3 that is injected into V. Zero
TC is achieved if Rj is set to be equal to Ry X (K +1)/K, and
the bandgap voltage is given by (18), with Vgp» being replaced
by Vigs.

If the load resistance Ry, is very large (— o0), we may de-
sign (W/L),, to be the same as (W/L),4 such that M, and
M,,4 have the same current density, and V5 matches well with
V> to minimize systematic offset. In practice, a larger (W/L),,
could be used to source a larger output current. In such a case,
minimum channel length can be used for M, to minimize chip
area and enhance the speed of the output buffer. Negative-feed-
back action in the buffer loop takes care of the larger channel

length modulation by adjusting V5 appropriately with a minor
increase in systematic offset.

The output buffer requires frequency compensation. Loop
breaking could be performed at Vj, as shown in Fig. 7. Without
the compensation capacitor C., the loop has two poles. The first
pole p; is due to the drain impedance of M,5 and M5 (Tdsns
and r4sp5) and the gate capacitance of M,,, (Cy,) and is located
at

1

S — (19)
ng(rdsp5||rdsn5)

p1=

The second pole p- is due to the filtering capacitor Cy, at the
output of the SMB BGR and is located at

1
P2 = 1
lon [RL|| (R3 +

9mns

(20)

D))

These two poles could reduce the phase margin of the nega-
tive-feedback loop response close to 0° easily. Adding C'. intro-
duces one zero z. and one pole p,. to enhance the phase margin.
With C. <« Cp, such that it does not alter ps too much, the ad-
ditional zero z. is located at

1

.= 21
= C.Rs @D
while pole p.. is located at
1
= . (22)
C. (33 1R |5 )

Obviously z. appears at a lower frequency than p.. The ad-
ditional zero can be placed around the unity-gain frequency of
the feedback loop to increase the phase margin.

C. Low-Voltage SM BGR With Buffered Output

To generate the BGR voltage by running a PTAT current
through a resistor in series with a diode (or diode-connected
p-n-p transistor) requires a supply voltage that is larger than
1.3 V. One attempt of sub-1-V design is to fold the PTAT re-
sistive branches of Fig. 1 downward and place them in parallel
with the inverse PTAT diode voltages to generate a temper-
ature-independent current to be mirrored to a third resistive
branch [11]; however, this scheme cannot give a sub-1-V BGR
without using a special process. As discussed in [12]-[14], the
minimum supply voltage of the BGR is limited by the input
common-mode range of the opamp. TIA was employed in [12]
to overcome this restriction. However, an additional current
compensation circuitry is needed to eliminate the current offset
introduced by the finite dc input voltage of the TIA. In [13],
the inputs of the opamp are connected to a lower voltage of
the resistor strings to achieve the first sub-1-V BGR. In [14],
unity-gain buffers are required, which consume extra current.

Here, we propose a low-power sub-1-V BGR that integrates
the SM CVM and the common-gate buffer with the aforemen-
tioned techniques. It is labeled LV-SMB BGR (Fig. 8). The SM
CVM, together with Rsp and Rgp, can be treated as a self-bi-
ased SM TIA. Resistors R54 and Rga sense V5 and Vg, respec-
tively, and inject currents into the SM TIA. Since R5a = Rga
and Rsg = Rgp, the SM TIA forces Vy- = Vx, Isa = Iga, and
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Vs = V. The resistor dividers constructed by R4, Rsp, Rea,
and Rgp effectively lower V5 and Vg to Vx and Vi~ such that
the SM CVM can operate at a lower Vpp. The dc input voltage
of SM TIA at Vx and V3 is given by

VER2
Vi=Vy = —2 41T R 23
X % <R5A iy + REF) 5B (23)
where
Irpr = Ix = Iy =I5 = I¢. (24)

The transistors are sized according to the ratios shown in
Fig. 8, and the temperature-independent reference current Igrgp
is given by

1 Rsa + Rsp
- V 4 -
Rsa +2Rsp | R,

ln(N )VT .
(25)
The proposed SM TIA is self-biased, and as shown in (25),
the output current /rgr shows no dependence on the dc input
voltages Vx and Vy of the SM TIA. The LV-SMB BGR can

operate at

Irgr =

VEB2

Vop > | ——————
b <R5A+R5B

+ IREF) RsB +|Vip| 4+ Vbs(sat)- (26)

A buffered output stage similar to the one used in the SMB
BGR is used to drive the resistive load. Transistors M,7 and
M,7, together with R7, generate the appropriate bias for Ms.
Since R7 : Rg =K+1: 1, so IZA = IXB/K = IYB/Ks
giving Izo = Iyp, and the TIA formed by M5, M5, and Rg
senses Vpg through R4 and drives My, such that Vzp = Vzu
and Izc = K X Izp = Ixp = Iyp. As a result, the output of
the LV-SMB BGR is given by

K
Vea = Irer (—R4 + Rs) . 27

K+1

Fig. 9. Chip micrograph.

Similar to the design of the SMB BGR, a compensation ca-
pacitor C, is needed to stabilize the buffered output stage.

V. EXPERIMENTAL RESULTS

The 4T, SMI, SMB, and LV-SMB BGRs were designed and
fabricated using a 0.35-um CMOS process. The chip micro-
graph is shown in Fig. 9. To minimize channel length modu-
lation, particularly for the 4T BGR, the transistor lengths were
chosen to be L = 7 pm for all designs. All resistors were im-
plemented by high-resistive poly resistors with a typical sheet
resistance of 1.2 k§2/sq. The first-order TC is —0.75 x 1073 /K,
and the second-order TC is 3.8 x 10~%/K. The compensation
capacitors C.’s in the SMB BGR and the LV-SMB BGR were
implemented by poly—poly capacitors with a typical area capac-
itance of 0.86 fF/ pm?. The PTAT currents Iy and Iy were de-
signed to be around 3 pA each. For all the designs, trimming
was conducted to achieve the best TC performance.

A. 4T BGR

The 4T BGR occupies an area of 0.0206 mm?2. It was mea-
sured to consume 10.2 A at 25 °C. As mentioned in Section II,
the 4T BGR starts to work at Vpp = 1.75 V at 5 °C. Fig. 10
shows the variation of Vg w.r.t. temperature and Vpp. The
VB variation w.r.t. Vpp is much larger than the variation w.r.t.
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—e— 1.75V—0—2V
[Vec] —w— 25V —A—3V
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— 0

1.16 1
0 20 40 60 80

100 [°C]

Fig. 10. Measured temperature and Vpp sensitivity of 4T BGR.
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1.234

1.232 4
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1.228
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Voo —e—1.75v
—O0—2V —w—2.5V
—A—3V —m— 3.5V

100 [°C]

Fig. 11. Measured temperature and Vpp dependence of SMI BGR.

temperature and is due to the channel length modulation of the
unsymmetrical circuit structure.

B. SMI BGR

The SMI BGR has one fewer branch and thus occupies a
slightly smaller area of 0.0200 mm?. The current consumption
is only 6.6 A, which is two-thirds of the current consumed by
the 4T BGR. As shown in Fig. 11, the TC of Vpg after trimming
is 12.67 ppm/°C, which is similar to the 4T BGR. However, at
25 °C, the measured line regulation is only 1.8 mV/V, which
is much better than that of the 4T BGR. The line regulation is
slightly worse than that of the SMB BGR (to be discussed in
Section V-C) because M,,3 was replaced by Rs, and the sym-
metrical cross-coupled structure of M,; and M, » was also al-
tered. At 95 °C, the BGR shows lower sensitivity w.r.t. Vpp
variation. This is due to the fact that, at 95 °C, Vgsna (Vi — Vy)
matches with the voltage drop on R3 (Veg — Vx) better than
that at other temperatures.

C. SMB BGR

The SMB BGR occupies an area of 0.0432 mm? and is twice
as large as the 4T BGR, mainly due to the large pass transistor
M,,, used for sourcing an output current of 1 mA and the on-chip
compensation capacitor of C. = 5 pF for stabilizing the output
buffer with an off-chip decoupling capacitor of C'r, = 100 pF.
The current consumption is 9.8 pA including the buffer. The
SMB BGR was trimmed to have the lowest TC at no load, which
was measured to be 12.1 ppm/°C, very close to that of the 4T
and SMI BGRs. Fig. 12 shows the measured variation of Vpg
w.r.t. temperature, Vpp, and load current. At 25 °C, the line
regulation at no load is 1 mV/V for a supply sweep from 1.75

[Vecl Voo —e—1.75V
1.198 —0—2V —wv—25V
—A—3V —m—35V

1.196 No-load
1.194 +

1.192 1

1.190 1

1.188 A

Vob —O—1.75V
1.186 1 —o—2V ——2.5V
—A—3V —7—3.5V

1.184 T 7 T T
0 20 40 60 80

100 [°C]

Fig. 12. Measured temperature, Vpp, and load current dependence of SMB
BGR.

200mV/div
T C.=100pF
__,\, + Veo
e
1mA | lo

A

Fig. 13. Load transient response of SMB BGR.

/1mA

OmA 10ps

to 3.5 V and is more than 28-dB improvement of that of the 4T
BGR, confirming the results obtained by small signal analysis
in Sections II and III.

When the load current of the SMB BGR was increased to
1 mA, the TC of Vg reads 38.3 ppm/°C, which is not as good
as that of the no-load case but still maintained at a reasonably
low value. The line regulation measured 0.7 mV/V at 25 °C,
which is even better than that of the unloaded case. It is because
the current density of the pass transistor M, was designed to
match with that of M4 at [o = 1 mA such that V5 could
match better with V5 (refer to Fig. 6). Load transient was mea-
sured by switching the load current between 0 and 1 mA. The
bandgap voltage could settle within 20 us, as shown in Fig. 13.

D. LV-SMB BGR

The LV-SMB BGR needs several large resistors, and hence, it
occupies a larger area of 0.0590 mm?. The supply voltage could
be as low as 0.9 V, and the bandgap-derived reference voltage
was designed to be 635 mV at no load. Although this design
needs two extra branches of currents (/5 and Ig), the total cur-
rent consumption is still only 16.6 pA at 25 °C. Fig. 14 shows
that the line regulation is 3.5 mV/V at no load and increased
to 9.23 mV/V due to the dropout voltage of the pass transistor
at low Vpp. The TCs of the trimmed reference voltage are 24.6
ppm/°C at no load and 20.0 ppm/°C at Io = 1 mA. The degra-
dation compared to the SMI BGR and the SMB BGR is readily
explained by the resistive division in generating Iggr. It is also
due to the slight mismatch between the buffered output stage
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TABLE I
PERFORMANCE SUMMARY OF BGRS
Unit 4TBGR | SMIBGR | SMBBGR | LV-SMBBGR [15] [11] [13] [14]
1.5-um
Process o 0:3§-p.m CMO$ 4M/2P process ' E2PROM 1.2-um 0.6-um 0.35-um
with high-resistive poly-resistor and poly-poly capacitor CMOS CMOS CMOS CMOS
Active Chip Area mm2 00206 [ 00200 | 0.0432 0.0590 1.6 1 0.24 1.2
Supply Voltage Voo v 1.75-35 09-35 279 1.2 0.98-1.5 14
Output Voltage Veg v 1.2 0.635 1.250 1 0.603 0.858
Supply Current A 102 | 66 | 9.8 16.6 05 500 18 115.7#2
Temperature Range °C 51095 -40 to 80 0to 100 0to 100 -20 t0 100
TC @ Vpp=2.5V o 12.1 @ OmA 24.6 @ OmA 44
(Vop=15V for LV-SMBBGR) | PPM°C | 1285 1267 | 3p3@imA | 200@1ma <1 <20 15 124
. . . 1@ OmA 35@OmA #3
Line Regulation @ 25°C mV/V 28 1.8 07 @ 1mA 923 @ ImA#1 N. A. N. A. 8.46 N. A.
o -53.30 @ OmA -47.6 @ OmA -20 44
Supply Sensitivity @100Hz dB -26.2 51 57.85 @ 1mA 476 @ 1mA <-25 @1kH2) | (@10kH2) 68
Load Regulation @ 25°C mV/mA N. A N. A 4 7 N. A N.A N. A N. A.
Remarks
#1.32 mV/V from 1 to 3.5 V
#2162 pW at 1.4V
#3422 mV from 0.98 to 1.5V
#4 Untrimmed TC, < 1% variation
Vop —e— 0.9V 008
[Veal —0—1V —w—15V 10481
0.65 —A—2.5V —— 3.5V
t -20dB
0.641 C
- -300B
0.631 § -
O— o g3 o ~40dB 1 —@— LV-SMB, no load
0621 & < { \ e o —O— LV-SMB, 1mA load
h e M 50dB —w— SMB, no load
—{— SMB,1mA load
0.611 60dB —m— SMI, no load
—{3— 4T no load
0.60 -70dB ‘ . ; T
Vop —O—09V 0.1kHz 1.0kHz 10.0kHz 100.0kHz 1000.0kHz
0.59 1 ——1v —— 1.5V
—A—2.5V—7— 3.5V Fig. 16. Supply sensitivity (vig/vaa) of all the BGRs.
0.58 - T : :
0 20 40 60 80 100 [°C]

Fig. 14. Measured temperature, Vpp, and load current dependence of LV-SMB
BGR.

200mV/div
___J\, v C.=100pF
1mA 1 lo

_‘l\‘ 0mA

Fig. 15. Load transient response of LV-SMB BGR.

/1mA

OmA 10us

and the Irgr generator. Fig. 15 shows that the LV-SMB BGR
has load transient response similar to that of the SMB BGR.
E. Measured PSR Versus Frequency of All BGRs

The PSRs of all the BGRs are shown in Fig. 16. All BGRs
were driving an output capacitor of 100 pF. At low frequencies,

the PSR of the 4T BGR was —26 dB, while that of all three
BGRs with SM CVMs were lower than —48 dB. The band-
widths of the SM CVMs were limited by the biasing currents.
Therefore, the PSR started to get worse at around 100 Hz, 300
Hz and 1 kHz for the LV-SMB, SMI, and SMB BGRs, respec-
tively. For better PSRs, larger biasing currents have to be used.
At high frequencies, all SM BGRs with no load converged to
around —30 dB that was governed by the attenuation due to the
output capacitor and the parasitic capacitor between Vpp and
Vae.

Table I compiles all important design parameters and perfor-
mances of various BGRs presented in this paper. The design
parameters of some previously published designs are included
for reference. Our proposed BGRs have the smallest chip area
and are ideal for cost-sensitive applications. Even if they are im-
plemented using a CMOS technology with a larger feature size,
their areas would still be smaller than that of other designs be-
cause they have relatively few components.

Although [15] demonstrated a lower power consumption and
TC, our designs give better PSRs and could operate at a lower
supply voltage. The LV-SMB BGR has a buffered output, and
the current consumption and chip area are the lowest when com-
pared to prior low-voltage designs.
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VI. CONCLUSION

Novel BGRs have been designed successfully using a self-
biased SM CVM. Systematic offset and power supply sensi-
tivity were minimized due to the symmetrical circuit structure.
Their performances were estimated by small-signal analysis and
were experimentally characterized and compared with a con-
ventional 4T BGR design, showing that the proposed designs
had improved supply rejection, current efficiency, and reduced
output impedance (for BGRs with buffered output). The design
methodology was also extended to achieve a sub-1-V BGR that
could be employed in low-voltage applications.
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