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ABSTRACT

Since the performance of the BGR depends stronglyhen
performance of error-amplifier, the design of thepaop

One of the most used topologies of CMOS Bandgap deserves attention and its architecture must befudachosen
Voltage References (BGR) is that one with operational [11]. Therefore, aiming to achieve the best traflebetween

amplifier (op-amp), current source, three resistaral two
parasitic bipolar transistors. Besides the simpligihd good
performance achieved by this BGR, this topology caredsily
modified to achieve high-accuracy. In literatur@ny different
op-amps are employed in this BGR architecture. Sine 8GR
performance depends strongly on the performancethef
amplifier used, the op-amp design deserves atrerdind its
architecture must be careful chosen. Therefore,inginto
achieve the best trade-off between several op-ansesl in
BGRs, it is necessary to realize a comparative aisalyhis
work evaluates the performance achieved by one BGRyus
four different topologies of error-amplifier: OT/Aymmetrical
OTA, two-stage Miller and folded-cascode. The BGRhwttie

several op-amps used in BGRs, it is necessary to do a

comparative analysis. This work evaluates the pewdoce
achieved by the BGR using four different topologiéswor-
amplifier: OTA, Symmetrical OTA, two-stage Millernd
folded-cascode. Results show that the use of adecprabr-
amplifier topology can define the performance aohitby the
BGR, for instance, improving the robustness agaiagability
or noise from the supply lines. Therefore it is gibke to
identify which op-amp architecture is adequate dach BGR
specification. Moreover, it is also presented smvelesign
guidelines for these amplifiers focusing in BGR'sl dtfcuits
were designed in IBM 0.18um CMOS technology.

This work is organized as follow. The BGR circuit dises

op-amps were designed in a commercial 0.18um CMOScase of study is presented in section 2. SectipneSents the
four designed amplifier and several design recontagons.
Section 4 shows the simulation results and the losiuns are
presented in section 5.

technology. Results show that the use of adequater-er
amplifier topology can define the performance aehitby the
BGR, for example, improving the robustness againsabgity
or noise from the supply lines.

1. INTRODUCTION

Voltage reference circuits are essential builditeghkin the
design of several applications, for instance, gataegulators
and data converters.
used implementation for voltage references [1]. oAm the
several BGR implementations presented in the litezatane of
the most used architecture is the one shown indiguitem (a)
[1]. Using a simple and low-cost circuit, this BGRptdogy
achieves the performance required by many analay R
applications. Furthermore, with the addition ofyoane extra
resistor, made of different material compared te tther
resistors in the circuit, this BGR topology achievas
temperature performance in the order of 5 ppm/°C [3]

As can be seen in figure 1, the operational aneplifop-
amp) A is employed in the BGR to make nodes “a” dpitlt6
have the same voltage. In literature, there istaidifferent
implementation for the op-amp A used in this tydeB&R
circuit.  Operational Transconductance Amplifier TE),
Symmetrical OTA, two-stage Miller and folded caseod
amplifier are examples of architectures employeds—can be
seen in table 1. Figure 1, item (b) to (e) illussathese op-
amps.

Work: 51 | [7] |[3] [[4] |6] 8] [9] [10]
OTA X X

Sym. OTA X X

2-Stage X X

Folded X X

Table 1: Different amplifier employed in BGR's

Bandgap references (BGR) arelywid

T ! (E)
Figure 1. BGR and amplifiers: (a) BGR, (b) OTA, (c) 2-
Stage, (d) Folded-cascode and (e) Symmetrical OTA

2. BANDGAP REFERENCE

The Bandgap voltage reference operates by summing th
emitter-base voltage @¢) of the bipolar devices (BJT's) and a

voltage that is proportional to the absolute terapae (PTAT).
The BGR shown in figure 1 performs this balanced singras
explained in the sequence. Using an error-amplifi¢gh high
gain, it is possible to get equal voltages at thdes “a” and “b”



- since the negative feedback is provided. Thest@sR, helps
the negative feedback factdBy) be greater than the positive
feedback factorf{p). Therefore a current |, given by equation
(1), with PTAT temperature coefficient (TC) is geated if the
two BJT's are operating with different current densi In
equation (1),AVge is the difference betweengy of the two
BJTs; ity is the abbreviation of Thermal voltage and n i th
ratio of emitter areas ofnd Q.

| = AVer _ Vi [n(n)
R R

When resistors Rand R have the same resistance, thgV
and \ps, can be obtained to provide a good current matchyng
M, and M. Therefore, a reference voltagegf¥) described by
equation 2 is generated in the drain of M2. Theioled output
voltage is equal to silicon Bandgap voltagel(2 V) and it is
ideally independent of operation temperature.

@

R
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The accuracy of the output voltage may be degrdued
different factors. The first one is the variabiligue the
fabrication process. For instance, the mismatche®ng
devices electrical parameters of the amp-op wilullein a
random offset voltage Rbp. Besides the Xor, there is also the
systematic offset voltage €¢p even if the devices are ideally
matched. The systematic offset can be reducedghroareful
design and an adequate choice of the amplifierlégyo Both
offset voltages results in the total offset volta@k,s). The
relationship of \bs and the output voltage is given by (3). Once
the Vpsis amplified by the factor equal to, Rver R, what it is
usually on the order of 10, the output accuracy ipayeally
damaged. In fact, ¥s is the biggest error source that causes the
non-reproducibility in the output voltage temperatu
coefficient [12]. Verifying equation (3) one canesthat the
offset error contribution can be reduced by makirgigger and
decreasing the factor,Rver R. One way to achieve this is to
obtainAVge by taking the difference of two cascaded transisto
string [12]. However, even with such recommendsgtio
sometimes the performance achieved by the BGR ismmigh
for high-accuracy applications, and consequenthgs\Vimust be
trimmed to an output voltage which is predetermitegive a

near-zero TC [12].
R, Ry

VREF :VBEZ Al D]n(n) m/TH + os ()

Another factor that also degrades the accuracy hef t
reference voltage is the noise generated by integrdevices
and from supply lines. In respect of the noiseegated by the
devices, the most contribution (in the BGR architecghowed
in fig. 1) comes from the op-amp devices, as dematesl in
[13]. This happen because the input-referred napgeears in
the output voltage amplified by the closed-loomgdiherefore,
the op-amp design deserves attention to reducentise.
Moreover, to reduce the noise from supply linesjsitalso
desired to have BGRs with high power-supply rejectiatio
(PSRR) [8].

As discussed above, the op-amp places a critidalimothe
performance of the BGR, for instance, in terms of Dfors
(Vog) and output noise voltage. Therefore, it is imaottto
know the impact of different op-amp architectunestie BGR
performance. If the adequate op-amp is chosen fier BGR
specification, the error in Aér caused by noise orgd¢é can be

reduced. The next section discusses four types pe&naps
frequently employed in the BGR design.

3. INPLEMENTED AMPLIFIERS

This section starts with discussion about the reguénts of
the op-amp used in the BGR of figure 1. After thiscte
amplifier topology is analyzed separately and somesign
guidelines are presented.

The first and probably the most important requiretig the
DC open-loop gain. Ideally it is desired that theampp has
infinite DC open-loop gain, and in such way, the twaales “a”
and “b” are exactly equal. In this ideal case,dteent | will be
exactly given by equation (1) and its TC will be podional to
the absolute temperature if one neglects the oesiBE and
Vos

However, in fact the gain is not infinite and exasterrore,
between the two inputs. The well known op-amp beirais
defined by WA, = (Vp — V) = ea; Where Ay is the open-loop
gain; W and \{, are the positive and negative input
respectively. Note that how big isAess will be the erroga.
This error will be also propagated to the outpupbified by R,
over R, - similarly to the \4s— and for this reason, it should be
reduced. Gains £in the order of 50 dB are enough to guarantee
good temperature compensation [15].

It is also relevant to add that the total ertg) between the
Vp and \f, will be the addition between the offset voltagel an
eA (due to finite gain). The total error must be #arathan
AVge. In different way, the TC of current | will be segly
damaged and this will result ing¥r with poor temperature
performance.

In respect of the common mode input range (CMIR}res
can see in figure 1, the voltage in the input teats of the op-
amp are equal to §¢ for a given current. For example, for |
equal to 50 pA, the M of the parasitic vertical bipolar
transistor of IBM 0.18 pum CMOS technology varies
approximately from 0.6 V to 0.85V, in the militargmperature
range of operation (-55 to 125°C). Such variatiorgsivalent
to a TC= 1.5 mV/°C. Nevertheless, these values depend an typ
of parasitic BJT and the technology used. It is ixdsghat for
another technology, where the BJT has large enattea, the
value of \gg be smaller than 0.6 volts at 125 °C. In this case,
the CMIR requirement will make difficult to accommoela n-
channel input differential stage; if any level shdbes not be
used.

In respect of the output swing, the op-amp shoutige
the output (\b) not bigger than VDD — ¥, to keep the current
source transistors (Mand M) on; where VYp is the PMOS
threshold voltage. Once the drain-source voltage)(\df these
devices is equal to VDD —p¢g the amplifier output should be
bigger than Wgr— Vip to ensure M1 and M2 in saturation.

In literature is usually presented that the op-ampd in
BGR’s has not bandwidth constraints [2]. However, etones
the output of the amplifier is used to bias othiecuits in the
system [1], and in this case, it is need to in@ehas op-amp
speed (at cost of power consumption) to avoid ldrgesient
changes in ¥gr

Another desired feature that was already commeiried
section 2 is the PSRR. It is not only desired to Hagh values
of PSRR at DC, but also over the whole bandwidth ircivthe
application that uses p¢r is operating. Once this robustness
against the noise from supply lines are strongliyede on the
amplifier design, consequently it is important tmose the best
op-amp architecture when the noise coming frorrsthgply is a
problem. Besides of the careful op-amp design, theeealso



others techniques used to increase the PSRR of thégBan
reference [8].

To end, it was already discussed that the offsétge is
the biggest error source in the BGR circuit. Therfarne
fundamental recommendation for the input stageoisld@sign
devices with big sizes and with a common centroid
configuration layout, decreasing in this way, taadom offset
voltage.

3.1. Amplifier 1: OTA

The simplest amplifier that can be used in the BG8ge
is the operational transconductance amplifier (OTAhown in
figure 1. In work [5] it is stated that the usetbfs amplifier
architecture is an excellent choice because thereomly two
pairs of matched devices to consider on the ranaddiset
voltage. Moreover, as the number of devices in ahiplifier is
small, lower is the number of error sources (mistmag and
noise) presented in the circuit.

For this 0.18 IBM CMOS technology it is possible &sin
both n-input and p-input OTA. The minimum value thie
common-mode voltage (VCM) for the n-input versionpéifier
iS Vemmin = Vas_inputt Vossat_isource Where the first term is the
gate-source voltage of the input transistor andséend one is
the overdrive voltage of the current source trdasis
Nevertheless, as already commented, in some caagsbm
difficult to keep the current source transistors s@turation
mode.

The gain provided by this amplifier is given apgroately
by gmp*(ropd/rony). Thus, to achieve high gain the only
solution is to increase the output resistance, whaans use
very low currents, in the order of few pA, and lhannel
lengths devices (around 30 times the minimum chalength
of the used technology). The transistor outputstasce is
inversely proportional to the drain-source curreftllowing
these recommendations, it is possible to achieseldsired 50
dB of open-loop gain.

Once small current are needed to achieve the esjgiin,
this amplifier is slow. Hence it is desired to al@onnection
between the amplifier output and nodes that arevilyea
disturbed.

In respect of the offset voltage and the noise gegaé by
integrated devices, one recommendation that muébltmeved
is to reduce the ratio of g@wp/gMmpnpur; that is, the
transconductance of load devices must be much emidan
that of input [1]. Doing this the noise and offggtor gain to
the output is reduced. Moreover, since the tramsiatea is
inversely proportional to the mismatching and fickoise, the
input and load devices must be design with big sar&is
recommendation should be follow in any topology kfiep.

The last comment in this sub-section is about thkilgty of
the BGR using OTA amplifier. Since there are positared
negative feedbacks, compensation capacitor is dedde
guarantee the stability. According to work [5], theest
approach to ensure stability is to insert a compigms
capacitor between Y and op-amp positive input. Small sizes
are enough due to the Miller multiplication effect.

3.2. Amplifier 2: Symmetrical OTA

Another type of error-amplifier that is frequentiged is the
symmetrical OTA shown in figure 1. Accordingly tcowk [4],
this op-amp presents less systematic offset, dimeawo input
transistors have the same load (a diode-connectetbistor)
and the same ) voltage.

The gain in this configuration is approximately giv by
K*gmp*(ropd/rons), Where K is the current ratio between the
output and the input branch. Due to the factorh§ tircuit can
achieve gains a little bit bigger than the simplefO

One artifact to avoid the bias circuitry for the @ifirer and
also helps the stabilization of this circuit [4].is$ to mirror the
current of the BGR to bias the own amplifier. In soany, all
recommendations given in section 3.1 are also Vedie.

3.3. Amplifier 3: Two-Stage Miller

The typical two-stage Miller amplifier is also usedthe
design of BGR’s. As the gain of this topology is appnately
given by gma* gmys* (ropd/rons)* (ropd/roys), it is easy to
achieve high gains. As consequence of high gaie, fitst
impact in the BGR performance is the redueéderror. As
already discussed, this error tends to damageetmperature
performance of ¥g= The second impact is the bigger PSRR (at
low frequency) achieved. The power supply rejectainlow
frequency is directly proportional to the open-logain [1].
Nevertheless, the bandwidth of the PSRR decreasbsopén-
loop gain. Another solution to further increase PSRRo use
the transistor P4 (figure 1, item (c), dashed lime)a diode
connection [6]. With this modification, no extranps required
for current bias and higher PSRR is achieved at tst of
lower voltage gain.

In respect of stability, this op-amp has its ownllddi
compensation capacitor, what defines the dominaoie.p
Accordingly no capacitors must be connected inahmplifier
output, like the case of the BGR using OTA amplifier.

The speed of this op-amp can be configured asetgsince
even with high-currents, high open-loop gain isiekd. If it is
more important to reduce power consumption thanedpe
performance, the compensation capacitor can beased to
guarantee good phase margin while the second stegeow
currents. At end, for its input stage, the reconuations
presented in section 3.1, are also valid.

3.4. Amplifier 4: Folded-Cascode

The last type of amplifier analyzed in this sectisnthe
folded-cascode. The gain achieved by this ciraidefined by
gm*RO, where RO is given by
[gmna*rong*rona)//(Gmeg'ropgt(ropd/rop,) [1]. To achieve high
gain and PSRR, the output resistance seen by tipeitonbde
must be big; what means big sizes of transistonicbldlength.

Extra pin for bias current can also be avoidedhé& PTAT
current from BGR is mirror to the amplifier. In respeof
stability, the BGR using this amplifier also neeapensation
capacitor connected between the amplifier outpud &me
positive input.

4. RESULTS

Following the recommendations listed in previoussgms,
it was designed one BGR using the four discussed ifengl
After this, the performance achieved by the BGR usiagh
amplifier was investigated. Temperature coefficierine
regulation, the susceptibility to the fabricatiorogess effects,
and robustness against the noise (generated bgratee
devices and from the supply lines) were studiedefach case.
Table 2 presents the first part of these resuftd,table 3 shows
the impact of the variability.

The reference voltage variation over the tempeeatur
variation AVger temd Was measured in the range of -55 to 125
°C. The line regulation performance or output vadtagriation



over VDD fluctuation AVger vpp) Was measured considering
VDD variation of 1.7 to 1.9 V. In addition, the imgt of the
noise (generated by integrated devices) on theerafe voltage

BGR fabricated may be in the order of 80 ppm/°C, what
represents a poor performance. For some applicatitaybe it
will be needed to trim the output voltage. But conmma the

(AVRrer noisA Was estimated to be three times the RMS output four amplifier possibilities, trimming ¥ of the BGR using the

noise integrated over a bandwidth of 10MHz — tlsatmiuch
more than the noise corner frequency [13].

As can be seen in table 2, the ideal value of the-\6
practically equal to the Bandgap silicon voltage dbrcases as
we expected. The ideal temperature performancésis exual
for all cases and its value is about 20 ppm/°C.TAllare equal
because in all cases only the first order term @f \&
temperature compensated.

The best performance in terms of noise generatethéy
integrated devices is the BGR using OTA amplifiethaugh
the recommendation to reduce the ratio of g@Vgmppyr Was
followed in all amplifiers, the reduced number wides and the
smallest open-loop gain make this topology lessilyoi

However, in respect of noise from the supply \gedtathe
OTA op-amp is less efficient, while the folded-aade presents
the best performance. Due to the biggest outpidtaexe in the
folded-cascode op-amp, the impact of the supplgeait the
output is reduced.

Parameter Ampl Amp2 Amp3 Amp4
Vref(V) 1.179 1.172 1.169 1.170
Nrer temdmV) 2.0 2.1 2.1 2.2
Nrer vodmV) 3.4 0.30 0.28 0.2
MNVeer noisfllV) | 801 1032 1902 1200
PSRR(Min)(dB) 25 25 20 23
PSRR@DC(dB) 34 69 70 80

Table 2. Performance parameters of the BGR

Parameter Ampl| AmpZ Amp3 Amp4
m: Vrer (V) 1.179 | 1.173] 1171 1.174
o Vrer (MV) 6.80 | 8.60 18.86 16.01
m: AVeer 1emp(MV) | 3.18 | 3.66 4.02 6.03
0. ONVeer tewp(MV) | 167 | 158 2.01 2.80

Table 3. Impact of the variability

Another comparison that can be done is in respethe
susceptibility to the fabrication process effedtsis is realized
through Monte Carlo analysis including Mismatch gmdcess
variations. The number of sample used was five rechdnd
two parameters were analyzed. The value of theubwpitage
and the temperature performance were both investg#o
verify the degradation caused by the variabilityable 2
presents these data, where “m” andtand for mean and sigma
respectively.

As can be seen in table 3, the OTA version presziimall
value of sigma for ¥gr, and consequently, the smallest
degradation indVger teme But even in this case, TC of the

simple OTA it will require reduced trim range (nuentof bits),
thus resulting in less area overhead and redusétirtes.

5. CONCLUSIONS

This work presents an investigation about the imhpHc
different op-amps used in a typical Bandgap voltajerence.
The amplifier topologies: OTA, Symmetrical OTA, twtage
Miller and folded-cascode were compared from the dgap
reference point of view. From this analysis, itpigssible to
verify which amplifier architecture is adequate feach
Bandgap specification. For example, BGR using OTA #rapl
is less susceptible to the fabrication processeffevioreover,
several design guidelines were provided to helpdbsign of
op-amps focusing in BGR’s.
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