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Abstract—This paper discusses the power-supply noise attenu-
ation (PSNA) in the frequency domain of four kinds of bandgap
voltage reference that represent the basis of typical voltage ref-
erences. This performance parameter becomes a fundamental de-
sign criterion in high-frequency applications where, due to the re-
duction in the loop gain, spurious signals coming from the power
supply cannot be adequately rejected. Precise and simple models,
useful for pencil and paper analysis are hereby developed for the
four analyzed topologies and, where possible, compensation tech-
nigues are discussed. Moreover, the four topologies are compared
in detail highlighting both their main features and drawbacks.

Index Terms—Bandgap voltage reference, circuit analysis,
CMOS analog integrated circuits, frequency-domain analysis,
power-supply noise attenuation.
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. INTRODUCTION

ANDGAP voltage references have been extensively used

in a wide range of applications such as A/D and D/A con-
verters, voltage regulators, measurements and instrumenta}:iion1
circuits, memories, etc. [1]-[5]. The bandgap reference generg' '
ates a dc voltage that is ideally independent of temperature. This
is achieved by adding a voltage, which is proportional to the ab-
solute temperature (PTAT), to a base—emitter voltage in order to
compensate for its first-order temperature dependency [4], [5].

In the literature, the performance of bandgap references has

been expressed in terms of relative temperature dependency and VQEF
other characteristics such as accuracy [9]-[18], power consump- J'Icw Ic2

Type A voltage reference.

tion [15]-[24], and noise [25]. However, an important param- Qi } Q

eter, such as power-supply noise attenuation (PSNA), has not yet Ce

been analyzed explicitly in terms of its frequency behavior [22],

[26], [27]. This is despite the fact that in high-frequency ap- Rz

plications, this performance parameter becomes a fundamental

design criterion. Indeed, due to the reduction in the loop gain

with frequency, spurious signals coming from the power supply Ri1

cannot be adequately rejected and this problem becomes more

prominentin RF or digital environments where disturbances due =

to cross talk or to substrate noise arise [28]-[31]. In these enyij-

ronments, a detailed knowledge of bandgap frequency behavFi'gr 2

is fundamental in affording the designer a better understanding

of the possibilities and main limitations of the adopted voltageasis for typical structures. The circuits examined are shown

reference [32], [33]. in Figs. 1-4 and are referred to as Type A, B, C, and D, re-
In this paper, we focus our attention on four main topolaspectively. In the following, the gain (or better, the attenuation)

gies of bandgap voltage references because they represenbttereen the power supply and the output is analyzed in the

frequency domain. Specifically, Sections 11-V will briefly de-
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% Voo A. Small-Signal Model and Analysis
R1 R2

To find a small-signal model that will closely approximate
the circuit in Fig. 1, we analyze the Widlar subsection shown in
the same figure. In the process, we separate this circuit from the
rest of the bandgap and apply the voltage soutc® nodeA
Rs and connect a load resistor equalt@ to nodeB to account for
the loading effect of transist@ps. Defining the current flowing
across the generater, asi, and the voltage seen at no@e

VREF
OpAmp —o0

et ylcz asw,, the dc analysis shows that, after simplification, the input
Qs Q2 resistance and the voltage gain of this subsection can be closely
expressed by [32]
-/
Vs
Fig. 3. Type C voltage reference. Z ~ R2|I(R3 + T’T?’) (3a)
Vo Tr3
Voo Vs Tz + Ry (30)
R3 Ra thatis, transistor§;—(Q, and resisto?; can be neglected in the
small-signal model of the Type A circuit. As far as frequency
i \ Vrer behavior is concerned, it can be seen that only the collector-
OpAmp ° substrate capacitance 6%, namelyC..», has to be taken into
y account. In fact, not only is this capacitor larger compared to
lory 2 s the others (geperally the emitter area(®f !s .eight times the
Qi Q2 = size of the emitter areas 6J; and@s) but it is also the only
| P one connected to a relatively high impedance node. Hence, an
accurate small-signal model for a Type A voltage reference can
R2 be derived as illustrated in Fig. 5.
The current referencég is modeled by means of resistor

Rp and capacitoC'g, which are responsible for an additional
Ri1 path from the power supply to the output. Moreover, capacitor
Cr4 can be neglected because, as is well known, in a common
collector configuration it gives rise to a pole—zero doublet which
negligibly contributes to the overall frequency response (both of
Fig. 4. Type D voltage reference. them are in the order @f,,4/C4). Finally, Cc compensates the
circuit
given and discussed. Section VI validates the results by com-The PSNA of the circuit in Fig. 5 can be assumed to have a
paring the PSNA of the four voltage references with their réwo-pole two-zero transfer function expressed by
spective models derived from the previous sections. Finally, in

Section VII some remarks are reported and conclusions drawn. 1+b bos2
P PSNA(s) = PSNA(Q) - ~t 215+ D25
14+ a1s5+ ass?

4)
[I. ANALYSIS OF TYPE A V OLTAGE REFERENCE
The circuit in Fig. 1 is designed so that currdpg is equal where the dc component and the coefficients are approximately

to I [6], [13]. This is done by setting?, properly, because 9ven by
its voltage drop is about 1.26 V minus a base—emitter voltage.

Inspecting the Widlar current mirror the currdigt, results in PSNA0) = B3 + 73 (5a)
v A T Br3(RBllBrares)
Ieo= YT (ﬂ ﬂ) @) by = (Rp|Brares)
R,y Ap Ico Ce R3 + 1,3
. . ‘ + C’B + (CCSZ + C7r3) I
where Ag; and Ag, are the emitter area of transistof} GmaTca Rp
andQ., respectively, and/’r is the thermal voltage. Since the (5b)

voltage drop acrosg; is the same af; (Vars = Vpm), the INote that capacitof'c was used for a dominant-pole compensation of the

currentratiolc /Ic2 is equal toR3 / Ry Substituting this value |0op gain. Although a Miller compensation could also be adopted by inserting
in (1) and considering thafrgr is equal toV g3 + Ico R3 we  acapacitor between the base and the collect@gfthis does not appear to be

; . a good choice in terms of PSNA. In fact, in the case of dominant-pole compen-
obtain the output of the voltage reference as follows: sation, at high frequency, the base@f is grounded because of capacir
R A R that can be considered as short circuited. Since the emitfgs @hat is voltage
_ 3 E2 113 wer) follows the base voltage, capacit6t stabilizes the output with respect
Vipp = V; B yeln [ 222 28 2)  Urer) ge, capacitot; p p
REF BE3 + Ry i (AEI R2> @ to disturbances coming from the current referefigg32).
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vdd dB a Z1 p1
Log(e)
PSNA(co)™ "7
Fig. 5. Small-signal model of the Type A voltage reference. PSNA(0)
by = (RB||Brarca)(R3||rz3)(Ces2 + Cr3)
Cc Fig. 6. Frequency behavior of the PSNA(s) in the Type A voltage reference.
(-5 +cn) (50)
ImaTc4
_c R34 153 + RC (5d) Comparing (6) and (7), we note thata pole—zero cancellationis
1 =%tc Brs 3u3 achieved between, andp,. As a consequence of the above, the
R PSNA can be approximated by the following transfer function:
a2 = 9—3 CC’(CCSZ + C7r3 + C[l,3)' (59) R
" PSNA(s) = — 3 & =3
. N Br3(Re||Brarcs)
From (5a) we note that the PSNA dc value is mainly limited o
by the parallel betweeR s and the collector resistance,, of 1+ s(Rp||Brares) (gm4C7:C4 + CB)

(8)

transistorQ), multiplied by 8r,4. It is apparent that the imple-
mentation of the bias current plays an important role in terms of
PSNA. The minimum PSNA dc value is achieved for an ideg|hich is asymptotically depicted in Fig. 6.

bias current (that igt = oc) and from (Sa) it results equal | ¢t ys study the behavior of (8) with respect to variations
10 (B3 +773)/ OF3fiparcs. This value can be assumed as an iny, gjther the bias current or the compensation capacitor. Tran-
trinsic one for the bandgap topology. In actl_JaI |mplementat|o_r§iStor intrinsic resistances (that is, and . in bipolar junc-
Ip is often the output stage of a current mirror that, dependiggn, transistors (BJTs) or, in MOSFETS) are inversely pro-
on the technology adopted (bipolar or BICMOS), can be madg tional to bias current. Whethdt; models a MOS or BJT
in several ways. Better performances in terms of PSNA can Bgseq current reference, we can assume that it is inversely pro-
achieved by using a current mirror with an output resistance Jational to the bias current, as well. Moreover, even resigfor
the order ofir47.4, i.e., by adopting cascode or Wilson topologn e assumed as being inversely proportional to the bias cur-
gies. Unfortgnately, these circuits require higher power suppllpéqt, because the voltage across its terminals is constant%
than .thelr simple counterparts so thgy have to be chosen care: . _ Vips). Therefore, consideringrs constant with re-
fully if a less than 3-V power supply is to be used. . _spect tolz, we note that the PSNA) does not change for dif-

For real and well-spaced zeroes, a fairly good approximati@iyent values of the bias current. This means that the only way
of numerator roots in (4) can be found by evaluating the polys improve the PSNA)) is to increaseR, that is to chose a

s e (14 £)
gm3

Tr3

nomial coefficient ratios [1], [2], yielding proper topology for the generatdg. In contrast, considering
1 1 6 that g,,, terms are proportional tdg, analysis of both the pole
AT YT (Rp||Brares) ( Cc_ 4@ ) (62)  3nd the zero shows that both increase linearly with the bias cur-
BIPFATeA) \ gmares B rent. Consequently, increasing the bias current means shifting
_ b 1 the curve in Fig. 6 to the right or, which is the same, to higher
2 ~ (6b) : : ,
ba (R3llrz3)(Ces2 + Cra) frequencies, thus improving the PSNA.

where approximations hold under the assumptiomRef > Increasing the compensation capacitdg, will mainly only

(R3 + rx3). The same approach can be adopted to evaluate fiéctthe pole in (8) because, for typical valués, can be con-
poles in (4) and results in sidered dominant with respect to the te€fg /gmar.4. Hence,

it will also decrease the value of the PSNA at high frequencies,
1 _ 9m3 (7a) represented in Fig. 6 as PSK&) and given by

Tr3

Ry +7ms (Rp|Brarca) (_gniiﬂ "'CB)

a1 1 PSNARo) ~ :
N 7 A) ~
P Y T Wl G 1 Crg) ) FrsBallieere) ce (145)
where approximations hold if the contribution 6f,5 can be 1 . Cp )

considered negligible. T gmares  Co’
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Increasing’- would mean decreasing the PS{¥A) but only

until termCp /C¢ becomes similar td/g,,47.4. A good choice

of C could be to set it so thai's /Cc equalsl /g,,47cq. HOW-
ever, considering that,4r.4 = Va/Vr, if the early voltage of

Q4 is in the range 50-100 V, this would mean settirig from

two to four thousand times capacitOiz, which could result in

too large a value that would prohibitively increase the startup
time of the bandgap or would require a considerable amount of
area.

I1l. ANALYSIS OF TYPE B VOLTAGE REFERENCE

Without any loss of generality, assume a PMOS npair,
Ms—M,, to implement the generic current mirror in Fig. 2.
This is because in Section VI, we shall validate our analytical
results by assuming that the Type B voltage reference can be
realized in a BICMOS technology. Nevertheless, the use of sud
a current mirror does not introduce any significant changes in
the analysis carried out.

vdd o,

1/gm4

I
|

1y

i

R1

B 7. Small-signal model of the Type B voltage reference.

0y = -6 (1 + 1) (11d)
The Type B voltage reference sets the outpdtgr, to ' Jm3, 4 k

VBE1 + 2R11c1,2 [8], [23]. Sincelc:, » depends oMk, and Ry 2

the emitter areas ratio dg1, 2 = (Vir/R2) In(Ag2/AE1), the a2 = Gm3.4 Ca |Capz + Cest + Cpz | 1+ 7
following relationship holds for the output voltage: (11e)

Vrer = VBE1 + 2VT L 1 <jE2> (10) and wherék is defined as
F1
k= gmi,2R>=1n (—AE2> . 12)
’ Ag1

A. Small-Signal Model and Analysis Afirstlook at (11a) shows that the PSNA dc behavior mainly

The simplified small-signal model of the Type B voltage refgepends on process parameters and is independent of the bias
erence is shown in Fig. 7. As mentioned above, the currefifrrent, Ic1. 2. In fact, for the bandgap to work properly, the
mirror, which sets/c; and I equal, is implemented with a yoltage acros®; must be kept constant and equal to about 0.5
PMOS pairM3-M,, whose main parameters are: a mirror inpuy, that is R, must be chosen almost inversely proportional to
impedance (modeled withd/4 andCq = 2Cga3.4 + Cava), I . Moreover, since bothys andr. are also inversely pro-
an output resistance in parallel to a voltage controlled curre@grt'onw tolc1, o, for typical technological parameters, a gain
source (modeled withl/3) and a capacitor that connects thgf |ess than-40 dB can hardly be achieved. A slight improve-
supply line to the output of the mirror (modeled Wilhs3).  ment in the dc gain can be accomplished by using a cascode
CapacitorsCy1, Cr1, andCyas, 4 are ignored because of theircyrrent mirror instead of the simple mirrdf;—M,, so that the
small value and, despite its large value (the emitter ar€x0$  term ., /2 dominates in (11a). A further improvement can be
usually eight times larger tha#z, S), capacitoC, can be ig- optained by cascading transist@s, as well. However, both so-
nored as welt. CapacitoiCc represents a compensation capaggtions require a higher power supply to allow the circuit to work
itor. Even if the circuit does not require any compensation, Wgoperly.
will see in the following that inserting a capacitor at the output pples and zeroes are evaluated by means of the polynomial
will improve PSNA behavior. coefficient ratios

Initially, let us consider capacitaf'- as equal to zero. Ne- 1

glecting nondominant terms, we can assume the PSNA transfer  z; = — 5 (13a)
function to be in the form given by (4), where the dc component [ras || (5 7e2) ] [2Cu2 + (1 + F) Cese]
and the coefficients are 2y = —Im3,4 < 2k + CCSQ) (13b)
Ry 112) Coe \k+2 Cp
PSNAO) = ———F——— 11a 9m3, 4
= 13c
raa (5 ) 2 M= (4T 1
b1 [ﬁm (2 7”@2)} [QC,Q + <1 + k‘) Ccsz] S + % - (13d)
(11b) Ry [Caps + Ces1 4+ Cpa (1+ 2)]
k CaCa 2 As far as the ac behavior is concerned, from (13) we note that
ba = |ra3 ||| 5 7e2 14+ = (11c) . . . -
2 Gm3, 4 k the first zero,z;, gives the dominant contribution and depends

on bothrgs andr.. (as well as the dc gain) and on the parasitic
Sapacitors of),. A pole—zero cancellation is obtained between
the second zera,, and the first polep,, because they are very

2After applying the Miller theorem t@,» and assuming in rough approxi-
mation thaty). acts as a voltage follower, its contribution can be demonstrat
as being negligible.
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dB 4 2 pr 22 P2 with respect to other capacitances, coefficiéntandb, remain
> unmodified while coefficienta; andas turn into
Log(w) 1
a] = Rlcc <1 + E) (163)
S s B — R 1
as = —— CaCe (1 + —) . (16b)
Jm3, 4 k
| Consequently, the poles andp, become
1
- - 17a
P Rice 1+ 1) (t7a)
9m3, 4
=—"= 17b
P2 Co ( )
PSNA(0) A pole—zero cancellation can be obtained by choo§ipgso
thatp; = 21, that is
2
Fig. 8. Frequency behavior of the PSNA(s) in the Type B voltage reference. Co = 1 i ZCN2 + Ces2 (1 + E) ] (18)
PSNA(0) 1+ 1
close to each other, while the last pgle, makes its contribution ~ In this way, we get a flat-band PSNA over a wide range of
at very high frequencies. frequencies, because the main frequency limitations are given
Hence, the PSNA can be approximated as by the pole and the zero in (17b) and (13b), respectively, which
are very close each other. A larger value(gf would lead to
PSNA(s) = Lo a decrease in the PSNA for high frequencies but it would also
Td3 H (% Tcz) lead to a prohibitive startup time when the bandgap is switched

L+ s[ras]|(57e) ] 202 + (14 F) Ced] O™
. A2 [Cans o +Cra (17 2)] ChoosingC¢ as in (18) the frequency behavior of the PSNA

1+4s T+L becomes
Ca Ca
1+ng§,4 ) %jcccﬂ R 1+ng§,4 ) kzk‘,)_:%
M wh  pew - g
+ngs.4 ( + Z) Td?’”(§TC2) +ng3,4

whose Bode diagram is qualitatively shown in Fig. 8. Note that The compensation capacitor improves the high-frequency
this bandgap appears to have poor performance if its first zdf@NA, t00. In fact, in this case the ratio betwégmndas, that

is located at low frequencies. is the ratio between (11c) and (16b), becomes
The high-frequency PSNA can be found by means of the ratio ras H (ron) Cu(1+2)
betweenb, anda». Specifically, dividing (11c) by (11e), we PSNA(c0) ~ : i
have m Ce (1+%)
. , _ 1 Cuw(k+2) (20)
PSNA(x0) ~ -2 (5 re2) Cuz (14 %) TPSNAD)  Co(k+1)
Ry Capz + Ces1 + C[_L2 (1 + %)

Evenin this case, value PSN@ plays its role in determining

— 1 ) 1 PSNA(c0). However, as shown in (20), increasit means
PG . (15) : _
PSNA(0) oy T decreasing the high-frequency PSNA.
12 ™
Note that the product of the dc PSNA value and its high- V. ANALYSIS OF TYPE C VOLTAGE REFERENCE

frequency value is almost constant and depends on a parasiti
capacitance ratio. The lower the PS{0A the higher will be
its high-frequency counterpart. Minimizing this constant ter

%he circuit topology shown in Fig. 3 was designed to be fully
r(ﬁompatible with CMOS technology [4], [5], [7]. Specifically

means acting on the parasitic capacitdf,,, by adding, for transistors); and Q- can be easily replaced with diode-con-

example, a further capacitance in parallel. Unfortunately tHigcted pgrasti:]ic p_—n-ptt;anbsistors. v biased h "
would degrade the frequency response by decreasing the f&;ﬁssummg € circuit to be properly biased, we have vollage
&

zero and the second pole. Moreover, the final result would yieldfEF set toVpp1 + (R + Rs)lcy. Considering the virtu_al
P y ground of the OpAmp, curreri; can be found by inspection

ﬁnd results irfcq = (VT/Rg) hl[(AEl/AEQ)(ICQ/ICl)]. The
virtual ground also forces voltage drops acrégsand Rs to

the above product at most equal to 1.

Even in this case, increasing the current will shift the plot i
Fig. 8 to higher frequencies, that is, the value of P oes _ )
not change while the poles and zeroes increase WMe currgr‘?t.equal’ that idc1/Ic2 = R2/Ri. ConsequentlyVrer is

If a compensation capacitof¢, is connected between theexpressed by
output node and ground, a better ac performance can be obtainedV v v (1 Ry | @ Ry 21
in terms of PSNA. Specifically, assumir@- to be dominant REF = VeEL+ Ve |\ L+ o JIn (o p ) (21)
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Gupup/(1 + s/p.) [3]-[5]. Evaluating the open-loop gain
yields

(22)

T(s) = Gup - [Rout||(B1 + R3)|[[R2]  Rs
L+ > Ry + R3’

In a similar manner, the ter(s) can be well approximated
by assuming a pole—zero transfer function which modgiés),
that iS,Idd(S) = GMdd'Udd(l + S/Zb)/(l + 8/pb) [37], [38], SO

__________________________________________ that
Vad | 1+ = 1+
T h(s) = ho—— = Garaa - [Rou|(B1 + Rs)[|Ra] - T
. 1+ = 1+ =
! Pb Pv
| (23)
s as) |
- Taking into account (22) and (23), the PSMAresults after
"""""""""""""""""""""" a few manipulations as
5 ke
h 1+* 1+>
PSNA(s) = —2 . B Pe (24)
14 TO 1+ PaTo 1+ p_b

Fig. 10. Block schematic of the Type C bandgap voltage reference.

A first look at (24) shows that, as expected, the PSNA
Generally, transistof); is equal toQ- so that their emitter mainly depends on the OpAmp characteristics. Specifically,
ratio is unitary and the output voltage mainly depends on resepproximating PSNA) to ho /7T, and substituting the values

tive ratios. found in (22) and (23) we get
A. Small-Signal Model and Analysis PSNA(0) ~ ho _ Guaa <1 &) _t 1
The small-signal model of the Type C voltage reference is o Gup R p PSRRO)(ZS)

shown in Fig. 9. Given the small resistance offered by the diode-
connected transistors, both; and Q> can be considered as . . . o
short-circuited, resistoR, appears as an OpAmp load and th&N€G1raa/ Garp is proportional to the intrinsic power-supply
series partition of?,—Rs is fed back the amplifier. The ampli- "éjection ratio (PSRR) of the OpAmp [37] ate- Ry / 13 is the

fier is modeled with an output resistak, ., and two voltage- feedback factor of the CII’.CUIt. )

controlled current sources (VCCSg), and I,y driven by the In the frequency domain, the zero of the direct path between

differential voltage of the OpAmpyp, and the power supply the SuPPly line and the outpu,, makes the main contribution.

voltage,vqq, respectively. The first current generator represen-g1e second effectis given by the pole—;ero doublet Wh'Ch_ arises

the differential gain of the amplifier while the latter represemfgom the pole's.of both the transfer functids) and7'(s). This

the gain of the supply line. Both the current generators are e%ﬁeCt is negligible because _these two poles can be_equa! orvery

pressed in the Laplace domain&s(s) andZ,(s). The whole close to each ther depepdlng onthe OpAmp_conflguratlon and

system can be viewed as a feedback amplifier with an inp'ih]te_ compepsa_tlon_ technique a_dopted [37]. Finally, the second

noise in the direct path of the loop as depicted in Fig. 10. main contrlbqtlon is the pole given by th? produc_t of the Iqop
Referring to Fig. 10, the PSNA is evaluated by setting trqain and the first pole of the OpAmp, that is the gain—bandwidth

inputv;, to zero, and results in PSNA) = h(s)/[1 + fa(s)]. product of the amplifier.
The productia(s) is the loop gain of the circuit, often denoted
asT'(s), while the termh(s) is the transfer function between the
output and the supply line, evaluated when the loop in broken.As for Type C, the Type D voltage reference in Fig. 4 is based
This suggests that the PSNA can be determined by cutting the a differential amplifier. It has a structure similar to Type B,
loop, and evaluating botfi'(s) and h(s). Specifically, evalu- the difference being that the bias currents are set equal by im-
ating the output fow,,; grounded yieldd'(s), while the output posing equal voltage drops across both resistyrand 2, ex-
evaluated by short circuiting,, yieldsh(s). ploiting the virtual ground of the OpAmp [4], [5], [16]. Voltage
Obviously in this bandgap, the PSNA strongly depends on theer is expressed in a form similar to (10).
OpAmp characteristics, but by taking some general assumptions
for the OpAmp, a good analysis can be carried out. A. Small-Signal Model and Analysis
The open-loop gain, for example, can be approximatedThe circuit can be seen as a feedback circuit composed of two
with a single pole transfer function by assuming thats) = main blocks; the amplifier and a feedback network referred to

V. ANALYSIS OF TYPE D VOLTAGE REFERENCE
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T T T T T S A Vdd

ve| ot

...............................

5 Bandgap

'
i core :
e ceeeemmmemmm e mmenans} R

Fig. 11. Block schematic of the Type D bandgap voltage reference.

as thebandggp CorEF_rom the RSNA point of view, an eqUiva'Fig. 12. Small-signal model of the Type D voltage reference bandgap core.

lent schematic block is shown in Fig. 11. Note thatis a pure

differential signal. _ Having already characterized all the blocks in Fig. 11, the
These two blocks can be analyzed separately provided tE@NA( 5) is given by

each one does not load the other or, which is the same, provided

that the input resistance offered by both is high. PSNA(s) = —hp(s)a(s) + h(s)  _hs(s) = h(s)

The OpAmp can be modeled again as in Fig. 9 whegyés) 14 Ba(s) 15} Ba(s)
andI,;,(s) maintain the same expressions as in Section IV-A. 1 1
Assuming that the bandgap core does not load the OpAmp, for - (5 |PSRRs) hs(s) (29)

andh(s) we can write the following:
a(s) () g which means that disturbances coming from the amplifier are

Gup - Rout greatly attenuated by the loop gaifu(s), while those coming
a(s) = 1y = (26a)  from the bandgap core are transferred to the output divided by
Pa o the feedback gain3.
h(s) = Garad - Rous - + ? (26b)  Letus anglyze the PSNA substitutings), h(s) andhg(s)
L+ o in (29), that is
14 =
The feedback gaip is evaluated by analyzing the model in —hgo (1 — %) =t holi—_b
Fig. 12 and, after approximation yields PSNA(s) = = Ban e
T+-=
vg RZ/Rl hgoao/z3+ho/zy
=L = g1 2R 27 - L= s = a—ho
ﬂ Vs B 9gm1,2113 4 2—}—/{3 ( ) ~ — hﬂo(;() ho ) - +hﬁ080 ho (30)
ao PaBao

wherek is defined in (12) NOte that for SlmpIICIty we have as)-Nhere apprOXimation holds ConSideriﬂg: Pa (i.e., both the
sumed that the feedback gain is independent of frequency. sﬁ?ﬁpliﬁer differential gain and the power supply gain have the

ulations ir_1 Section VI will confirm this assumption. same pole). The PSNAO) can be evaluated by using (29) and,
The gainhg(s) = vg/vaalv, =0, Strongly affects the PSNA. considering (27) and (28a), we get
An approximate symbolic analysis performed on the circuit in

Fig. 12 leads to a transfer function with a dc gain PSNAO) ~ — 1 + L ! . 31
) gm1,27c1,2 3 PSRRO) (31)
hgo = Rs 4 Bo/Fa (28a)  Moreover, an RHP zero, which is mainly determined by a

Tet,2 2+k linear combination ok and z,, emerges from the feedback,

and a right-half plane (RHP) zero while the gain bandwidth product of the amplifier gives the pole.

Ry/ Ry VI. SIMULATION RESULTS
6= All four bandgaps were designed in a standard /h8-

- . (28b)
Tel,2 |:Ccs2 (R_i + 2 + k) - 0081(2 + k)] . . .
BiCMOS technology. Bipolar n-p-n transistors have a forward
3This can be assumed as being true for the OpAmp. The bandgap core (sheuiirent gain 3z, of 95 and a transition frequencs, of about
in Fig. 12) can be demonstrated to have an input resistBace: 3r R, which
is large enough not to load the amplifier especially if itis provided with an output 4This does not pose a strong limitation as it is common for several OpAmp
stage. configurations [37].
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TABLE | -3
TYPE A VOLTAGE REFERENCEDESIGN PARAMETERS
—40
Component Value
Ig, Ici 100 pA -50
I 20 pA =
@ K o —60
A52/AE| 8 3 -
Ry 538 kQ -70 | P
'y
R 5.4kQ 4
? -80 | €
R; 27kQ 07 0
Cc 10 pF 1 I BT
10K 100K ™ 1M 100M 1G
I3 25.81kQ freq ( Hz )
gm3 3.72 mA/V Fig. 13. Simulations of the Type A voltage reference. Case A: Casimula-
Sma 431 mA/V ted PSNA, Curvéd model. Case B: Curvesimulated PSNA, Curvd model.
T4 291.3kQ TABLE I
TYPE B VOLTAGE REFERENCEDESIGN PARAMETERS
8 GHz. MOSFET threshold voltages are about 0.75 V for both Component Value
the complementary transistors, while gain factdrs,andk,, o 1 100 uA
are about 10Q:A/V?2 and 36.A/V? for NMOS and PMOS, e i
respectively. The four circuits have a 3-V power supply and Ag/Ag) 8
their power dissipation was maintained in the same order of R, 1.93 kQ
magnitude thus allowing effective comparison between all the R
voltage references. 2 345 Q
All the simulations were performed with the SPECTRE sim- (W/L)34 100/4
ur:at(ér e:jnd techno]ogy models supplied by EUROPRACTICE in 12 3.80 mA/V
the Cadence environment.
Cesi 29.5fF
A. Type A Simulations I 290.6 kQ
The Type A voltage reference was implemented following the Co 125.6 fF
schematic in Fig. 1. Design parameters are shown in Table I. The C 218.5 F
circuit exhibits an output voltage of 1.32 V at room temperature cs2 )
(300 K) with a temperature coefficient (TC) of 20.2 pg@/ gm34 379.9 pA/V
Two simulations were p_erformed. The_ first_one by mod_eling o 669.3 kQ
the current generatofg, with a 1-M resistor in parallel with
a 30-fF capacitor (case A) and the second one by modeling the Cesaa 558.0 fF

current generatofg with a 20-M resistor in parallel with a Cab3 34.63 fF
60-fF capacitor (case B). In case A, by using (8) with the sim- C 38.02 fF
. . i . db4 .

ulation parameters in Table |, we obtained for the mathematical
model a dc gain of-64.9 dB with a zero of 4.34 MHz and a pole k 2.08
of 28.97 MHz. In case B, we got a dc gain-e86.5 dB with a
zero of 202.3 kHz and a pole of 29.0 MHz. . .

Fig. 13 reports the simulated and the expected PSNA b%'— Type B Simulations
havior for both cases. Specifically, for case A, curaeandb ~ The Type B voltage reference was implemented following the
are the simulated and the expected PSNA, respectively, ands§Bematic in Fig. 2. Since we adopted a BICMOS technology,
are curves andd for case B. It is apparent that the simple firsthe current mirror was made up of a PMOS couple as in Fig. 7.
order system described by (8) gives a good approximation Besign parameters are shown in Table II. The circuit exhibits an
both the circuits in a very simple and useful way. output voltage of 1.2 V at room temperature (300 K) with a TC

In both cases, the difference between simulated and exped2@0.3 ppm?C.
curves is mainly due to the fact that (8) overestimates the dcA first simulation was performed without any compensation
PSNA. Specifically, the dc PSNA difference is 2.1 dB andapacitor and by modeling the circuit with (14). For the model
2.3 dB for case A and B, respectively. A comparison betweave obtained a dc gain 0£40.6 dB with two zeroes, at 1.12
curvesa andb, normalized with respect their dc value, showand 144.6 MHz, and two poles, at 35.38, and 392.3 MHz, re-
that their difference is below 6 dB. The same differencgpectively. The simulation result is given in cura®f Fig. 14
between curves andd is below 4.9 dB. while in curveb the model is depicted. The figure shows that the
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0.0 _ TABLE Il
TYPE C VOLTAGE REFERENCEDESIGN PARAMETERS
—-19
Component Value
—-20 Ici 20 pA
— Iz 100 pA
o —30
© Ap/Ag; 1
—4p R 21.5kQ
R; 43kQ
—50
R3 2.3kQ
—60 N
10K 100K 1M 10M 100M 16
freq ( Hz ) -20
Fig. 14. Simulations of the Type B voltage reference. Without compensatior
capacitor: Curvea simulated PSNA, Curvéb model. With compensation
capacitor: Curvesimulated PSNA, Curvd model. _3g |
model is in a good agreement with the simulated result. Also ir o
this case the main error is due to the difference in the dc PSNA °.
which is about 3 dB, while the difference between cumasd —40 L
b, normalized with respect to their dc value, is below 3.6 dB. a
As described in Section 1, the “optimum” compensation ca-
pacitor value was found using (18), thus yielding a capacitanc: b
of 49.4 pF. Equation (19) was adopted to model the circuit. For ~ —50 e e e i
the model, the dc gain resulted in40.6 dB, while the pole 1K R ke 1M 1eoM

was at 35.4 MHz and the zero at 144.6 MHz. A second simula-

tion was performed by comparing the “optimally” compensatesdg. 15.  Simulations of the Type C voltage reference with ideal OpAmp. Curve
circuit with the model. The result is shown in Fig. 14 where simulated PSNA, curvé model.

curvec represents the simulation result and cudvepresents

the model's behavior. As expected, not only is a flat-band rgvely. Good agreement is readily apparent. Specifically, a dc
sponse achieved but the model also shows good matching vétfor of 1.2 dB is shown while the difference between the nor-
the real circuit. Specifically, the dc error does not change witialized values of curvesandb is maintained below 0.7 dB.
respect to the previous simulation, while the difference betweena second simulation was carried out by considering the same
the normalized values of curvesandd is below 1 dB. voltage reference with an OpAmp designed at transistor level.
The amplifier is depicted in Fig. 16 and is based on a folded
cascode structure. Note that an output stage (i.e., the simple

The Type C voltage reference was implemented following tlsmurce followerM;3—M;5) is required to maintain an accept-
schematic in Fig. 3 and was designed by using the equationsbiie dc loop-gainly. Amplifier design parameters are shown in
Section IV. Table IV. In this case, the voltage reference exhibited an output

The first simulation was performed by assuming an idesabltage of 1.2 V at room temperature (300 K) with a TC of 23.5
OpAmp that, without any load, had an intrinsic gay, ppmFC.

(=GupRout), Of 60 dB, an output impedanceou:, Of Without any load, the amplifier exhibited a dc gain, of

1 k2 and a single pole behavior with a transition frequency8 dB and would require a compensation capacitor connected
(=GrrpRoutpa/27) of 10 MHz. Under the same load con-between the gate aff;5 and ground. However, as shown by
dition, it was expected to exhibit a power supply galn, (22), the feedback factgt, equal toRs/(R; + R3), lowers the
(=GraaRout), of =5 dB, a polep,, at 10 kHz and a zeray, value of T, by about 20 dB with respect ta), thus compen-

at 50 kHz. The amplifier was modeled as in Fig. 9. sating the circuit in a natural fashion.

The designed voltage reference, whose design parameters afhe open-loop gain7'(s), depicted in curvel of Fig. 17,
shown in Table Ill, exhibited an output voltage of 1.19 V at rooraxhibits a dc gain of about 58 dB, a unity-gain frequency of 2.02
temperature (300 K) with a TC, of 19.4 ppit. MHz and a phase margin of 86

The bandgap was modeled by (24). Valuedgfand i, to The magnitude of the transfer function between the output
determine dc PSNA and the pol&,p,, were computed by (22) and the supply line(s), is depicted in curve of Fig. 17. Note
and (23). Note that the determination BENA(O)could also thath(s) exhibits a pole—zero doublet and that its pole is equiv-
have been done by means of (25). alent to the dominant pole @f(s).

The comparison between the simulation result and the math-Curvesa and b of Fig. 17, represent the simulated PSNA
ematical model is shown in Fig. 15, in curvesndb, respec- of the voltage reference and the expected PSNA, respectively.

C. Type C Simulations
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Fig. 17. Simulations of the Type C voltage reference with OpAmp designed at
transistor level. Curva Simulated PSNA, curve model, curvec h(s), curve

Mj;“ }EMH }EM& I[;M” dT(s).

= TABLE V
TyYPE D VOLTAGE REFERENCEDESIGN PARAMETERS

20

(dB)

Fig. 16. Schematic of the operational amplifier adopted in the Type C voltage

reference. Component Value
TABLE IV Iei, Iz 100 pA
OPERATION AMPLIFIERS DESIGN PARAMETERS Apr/Agy 8
Amplifier in Type C Amplifier in Type D R, 2kQ
Component Value Component Value R, 555Q
M;+Ms 10072 M, + M, 50/2 R34 5kQ
My+ My 50/2 Mig+Mjs 100/2 gm1.2 3.76 mA/V
Mis 400/2 Mis 200/2 Ie12 354.2 kQ
Is 20 pA I 20 pA Cest 24.48 fF
Vai 1.2V Vai 1.7V Ces2 196 fF
Va2 1.8V Va2 12V k 2.09

Specifically, curvea was obtained by simulating the PSNA of The model used to emulate the PSNA behavior of the circuit
the circuit in Fig. 3 with the OpAmp in Fig. 16 and curke s given by (30). Specifically, by substituting the above bandgap
was obtained by dividing functioh(s) by 1 +7'(s) whereh(s)  core parameters and the others reported in Table V in (30) we get
and7'(s) are depicted in curvesandd, respectively. The com- for the dc PSNA a value of79.2 dB. The RHP zero is located
parison between the two curves shows the excellent agreemgit3.1 kHz, while the poles, Sao, is at 12.7 MHz.

between the transistor level circuit and the mathematical modelFig. 18 reports the PSNA simulation in curand the PSNA
Note that below the OpAmp unity gain frequency, the PSNA igiodel in curveb. A large error is observed for the dc PSNA.
well approximated by:(s)/T(s) and that over this frequency, This is due to the fact that whesay is very close tdhg, as

that is, whenT(jw)| < 1, the PSNA can be assumed as being this case, their difference in (30) may differ from the actual

equal toh(s). value and lead to an unpredictable PSNA However, since
] ) the termhgoao — ho affects the zero of the PSNA, too, the two
D. Type D Simulations curves well match at higher frequencies. Whegao is dom-

The Type D voltage reference was implemented following thierant with respect tdi, (or vice-versa) the model matches at
schematic in Fig. 4. Also in this case, a first simulation waswer frequencies, too.
carried out using the ideal OpAmp adopted in Section VI-C. A second simulation was carried out by considering a voltage
Circuit parameters are reported in Table V. The circuit exhibiteference with an OpAmp designed at transistor level. Specifi-
an output voltage of 1.2 V at room temperature (300 K) with @ally, the amplifier is depicted in Fig. 19 and its design parame-
TC of 18 ppm?C. ters are shown in Table IV. Here, the source followéy—NM 5

Parameters of the bandgap core were evaluated by using (@@} inserted to minimize the loading effect of the bandgap core.
and (28) and resulted ifi = 1.27, hgo = 956 - 1075, and In addition, a compensation capacitor was required to provide
zg = 2m - 165 krad/s. an acceptable phase margin. The voltage reference exhibits an
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Fig.18. Simulations of the Type D voltage reference with ideal OpAmp. Cureg. 20.  Block simulations for the Type D voltage reference with real OpAmp.
a simulated PSNA, curve model. Curva a(s), curveb h(s), curvec 3(s), curved hs(s).
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-70
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Fig.21. Simulations of the Type D voltage reference with real OpAmp. Curve
a simulated PSNA, curve model.

frequency range of interest as according to (27). Cdmepicts

#fie magnitude of the transfer functiop/vaq, that ishs(s), re-

ferred to the circuit in Fig. 12 comprehensive of the capacitive
ffects given by transisto@; andQ@s. As in (28b),hs(s) has
single RHP zero.

Fig. 19. Schematic of the operational amplifier adopted in the Type D voltaf
reference.

output voltage of 1.21 V at room temperature (300 K) witha T

of 18 ppm?C. .
. - - . . Fig. 21 compares the PSNA of the actual Type D voltage ref-
The magnitude of the amplifier gain is depicted in cuawef erence with the model described by (29) when the OpAmp in

Fig. 20 and was evaluated by simulating the gain of the CIrCLIL—l}g. 19 is adopted. Specifically, curaglepicts the magnitude of

in Fig. 19_by applying a differgntial signal at it.s inpgt terminalsThe PSNA evaluated by simulating the circuit in Fig. 4. Cuove
The amplifier exhibits a dc gain of 77 dB, a unity-gain frequenclyepresents the magnitude of the model expressed by (29) where

of 14.4 MHz, and a phase margin of%65 : .
) . termsa(s), h(s), 5 andhg(s) were substituted by curves-din
The magnitude of the transfer function between the outp - )
and the supply linel(s), is depicted in curvé of Fig. 20 and }g. 20. Clearly, there is excellent agreement between the math

T . e T ematical model and the transistor level circuit.
was evaluated by again simulating the amplifier in Fig. 19. Note

that also in this caséy(s) exhibits a pole—zero doublet and its
pole is equivalent to the dominant pole «fs). This validates
the assumption of modelingy(s) with (26b). In this paper, the PSNA of four kinds of bandgap voltage ref-
Curvesc andd of Fig. 20, represent core bandgap behaviogrences that represent the basis for more modern structures has
Specifically, curvec depicts the magnitude of the transfer funcbeen analyzed in the frequency domain. This performance be-
tion vg /v referred to the circuit in Fig. 12 including the ca-comes of fundamental importance in high-frequency applica-
pacitive effects given by transisto€; and@-. Note that the tions where spurious signals coming from the supply line cannot
frequency response is almost flat up to about one decade dveradequately rejected. To this end some useful models that de-
the unity-gain bandwidth of the amplifier. This validates the ascribe the frequency behavior of the PSNA have been described
sumption of modelings by means of a constant value over thend, where possible, compensation techniques that improve this

VII. FINAL REMARKS AND CONCLUSION
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characteristic investigated as well. The four circuits have beef17] A. van Staveren, J. van Velzen, C. J. M. Verhoeven, and A. H. M. van
exhaustively analyzed and the models developed compared with
actual implementations through simulations, showing excellent

agreement.

(18]

On the basis of the above discussion, the designer can now
choose the best bandgap topology for a given application fromg;
a number of alternatives.

A first distinction can be made between the first two bandgaﬁzo]
voltage references (Types A and B) and the others that use g
operational amplifier (Types C and D). Types A and the “opti-

mally compensated” Type B, exhibit good behavior over a wids,,,

range of frequencies (up to 1 GHz in our examples). Specif-
ically, both can easily maintain their PSNA below 40-45 dB

at high frequencies. Moreover, Type A shows excellent perfor*

(23]

mance at very low frequencies.

In contrast, the PSNA of Types C and D, depends on th
OpAmp characteristics and, in the specific, on the PSRR o

4]

the OpAmp. At low frequencies, a good PSNA can easily be
achieved by increasing the loop gain, especially in Type C giveffo
that in Type D the bandgap core plays an important role and its
disturbances cannot be attenuated by the loop gain. Neverthigé]

less,

both of them present strong limitations at higher frequen-

cies because the loop gain is drastically reduced. In these cases;
techniques for reducing the OpAmp PSRR should be adopted

as reported in [38].

(1]
(2]
(3]
4]
(5]
(6]
(7]
(8]
El

(10]

(11]

[12]

(13]

(14]

(15]

(16]

(28]
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