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A 1-GHz Bipolar Class-AB Operational
Amplifier with Multipath Nested
Miller Compensation for 76-dB Gain

Klaas-Jan de Langen, Rudy G. H. Eschauzier, Gert J. A. van Dijk, and Johan H. Huiisliogy, IEEE

Abstract—A 1-GHz operational amplifier with a gain of 76 dB <V
while driving a 50-2 load is presented. The equivalent input noise I | © ce
voltage is as low as 1.2 n\{/Hz. This combination of extremely 4011 l 402
high bandwidth, high gain, and low noise is the result of a three-
stage all-n-p-n topology combined with a multipath nested Miller

compensation. Using 10-GHzfr n-p-n transistors, the realizable Q4
bandwidth could be of the order of 2—3 GHz. However, bond-wire V)
inductances restrict the useful bandwidth to 1 GHz. The amplifier % ‘our
occupies an active area of 0.26 mfmand has been realized in the
bipolar part of a 1-zm BiCMOS process. Qoo
Index Terms—Analog integrated circuits, bipolar integrated _ Qo Qoo
circuits, frequency compensation, HF amplifiers, operational am-
plifiers. 'L“g
I4001 @
[. INTRODUCTION 2 Vee

RADITIONALLY, wideband amplifiers consist either of Fig. 1. Basic two-stage all-n-p-n topology
stages with local feedback, which reduce accuracy, of '

use feedforward techniques that introduce pole-zero doublets,
which deteriorate the settling behavior [1]. Recently reporteghen driving 50§2. Darlington transistors cannot be allowed
multistage compensation techniques, such as multipath nedtethe output stage at extremely high bandwidths. Therefore, a
Miller compensation [2], allow frequency compensation dhird stage is necessary in combination with multipath nested
cascaded gain stages with minimal reduction in bandwidkfiller compensation. A theoretical elaboration of the multipath
compared to single-stage amplifiers. This enables amplifien@sted Miller compensation for low-ohmic loads and very high
to combine high gain and high bandwidth. This paper dé&equencies is presented in this paper.
scribes how multipath nested Miller compensation makes theThe paper starts by examining the two-stage all-n-p-n topol-
realization of a general-purpose high-gain 1-GHz operatiorzgjy in Section Il. In Section Ill, the implementation of the
amplifier possible. all-n-p-n topology in a three-stage circuit using multipath

To obtain the highest possible bandwidth, only the devigceested Miller compensation is discussed. The complete circuit,
with the highest transit frequency, the n-p-n transistor, shoule realization of the opamp, and the measurement results
be applied in the high-frequency signal path. Even in modeane presented in Section IV. Special attention is paid to the
complementary processes, the n-p-n is a factor three faster thankaging and bonding of the amplifier. Finally, in Section V
its p-n-p counterpart. Because of the fundamental differenttee conclusions are drawn.
in mobility of electrons and holes, this will not change in
the future. Therefore, very wideband amplifiers should exploit
an all-n-p-n topology [3]. For low frequencies, however, p- II. TWO-STAGE ALL-n-p-n TOPOLOGY
n-p transistors can be used. They are especially useful for
obtaining the necessary dc levelshifts between n-p-n staggs.
A basic topology of a two-stage amplifier is shown in Fig. 1.

The two-stage opamp has a gain only of the order of 40 dBA simplified schematic of a two-stage all-n-p-n opamp is
shown in Fig. 1. It consists of an n-p-n input sta@Ro;,
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Fig. 2. Two-stage all-n-p-n opamp with level shift.

delay and parasitics. A practical implementation, howevar;p transistor which is much lower than the current gain of
gives rise to three main problems. the n-p-n transistor. For high frequencies, the transfer function

1)

2)

3)

The common-mode input voltage of a general-purpo$einfluenced by parasitic capacitan@®@g..,11—Cpar32, Which

building block like an opamp should be independent @€ shown in Fig. 2Cp,,11 and Cp,,12 attenuate the high-

the biasing voltages of the output stage and the outgtgduency transfer functiol’p,,21 andCp,-22 are connected

voltage. To achieve this, a level-shift circuit betweedcCross the base-emitter capacitanc@af> and()2o4, and thus

input stage and output stage is necessary. For the s&k@uce the bandwidthCp,31 and Cp,-32 load the output

of good high-frequency behavior, the level shift shoul§tage.

not introduce much delay and parasitic capacitance.

The output stage is asymmetric, with one output tran-

sistor being connected as a follower and the oth€. Output Stage Balancing

output' transistor as an inverter. To achlgve good 5|gnal-|-he output transistors with their parasitics are shown in

behavior, the push and pull output transistors should & '3 Their nature is completely different because one is

balanced. _ » __connected as a follower and the other as an inverter. However,

To be able to deliver sufficient output current withou} 5 yossible to make the transfer function of the output

consuming a lot of quiescent current, the output stage,ngjstors equal by making the capacitance across the base-

shou!d be biased in class AB. The class-AB C_omr(?:lollector junctions equal by adjusting'p;, assuming the

circuit should prevent CUt_Oﬁ of the output t_ran5|stor6utput transistors are driven by ideal current sources [3]. When

and should not interfere with the signal path, in order tgq "nerform a detailed calculation, the transfer function from

prevent delay and distortion. input voltage Vi, to output voltageV,.. of the follower is
found as shown below in (1) where

B. Level Shift j  complex unit;

To realize a wideband level shift, p-n-p cascodes, w  frequency; _
Q203 for low-frequency signals can be combined with n-p- g1 transconductance of the output transistors;
n cascode®)s02, Q204 for high-frequency signals, when we ¢2  transconductance of the input stage;

split

the input signal by RC all-pass networl®y{, Cr; pr current gain of the output transistors;

and Rg», Cro as shown in Fig. 2. If the turnover frequency £r load resistance;

fro

= 1/Rp1Cry is much lower than the transit frequency 7ve small-signal base-emitter resistance of the output tran-

of the p-n-p transistor, the response of the circuit is flat up to sistors;

the transit frequency of the n-p-n transistor [3] without pole- Cre base-emitter capacitance of the output transistors;
zero doublets. Unfortunately, several nonidealities influenceCr load capacitance.

the behavior of the level shift. For low frequencies, th€'p; also includes the base-collector capacitari¢e and
transfer function is attenuated by the current gain of the p’p..31. The transfer function of the inverter is found as shown

‘/out _
Vin 14 jw(reCre + RLCL + 10.Cp1 + RCp1 + BrRiCp1) + (jw)2rpe R (CreCr + CoeCp1 + CLCp1)

. C e
9208FRL <1 +jw gi )
1)
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. o . the fractiono of the total currenf; used as bias curreiit of the output stage.
Fig. 3. Combination of output transistors.

. . . When the output stage operates near the quiescent state, both
in (2), at the bottom of the page, whe is the Miller output transistors work together. The transfer function of the

capacitor.C'y also includesty,; and, Ce InCludesC'ra;s2-  mpination has three poles. However, when the follower and

When both transistors are biased at the same current mrter transistors are balanced, mainly by adjustig so

all capacitors of the follower have been made equal to tI{lﬁat Cp1 + Cp equalsCyy,, one pole is exactly cancelled by
capacitors of the inverter, the only difference that remains 5S_0r0 at ’

that the zero of the follower is positioned in the left half-plane

and of the inverter in the right half-plane. Due to the phase Wpg = 1 ) (5)
shift of the right half-plane zero, the bandwidth of the inverter Tbe(Crr1 + Che)

is smaller than the bandwidth of the follower.

The unity-gain frequency, for both circuits is found as And the transfer function is found as shown in (6), at the

bottom of the page. The zero disappears wlign equals
Chs1- Then, the current through,. compensates the feedfor-
ward current througlt”,,1, thus removing the right half-plane
aRr + G Re Cui | Br Cant zero much in the same way as with multipath Miller zero
cancellation [4]. Because of the high bias current in the output
L& ge (. is of the order of”;; and the zero is shifted to very
Slgh frequencies. In cases whefg, is too small, a resistor

: . . . can be inserted in series witfi;;; to shift the zero to high
part is a correction term expressing the influence of the Io?t%quencies. This has the disadvantage that the position of the

gain g, 1, and capacitances;. and C'r. In the case of this zer0 changes as a function of the output current. However,

design, where the load capacitance is small, the only necesgity, : .
) ' . ' to the large quiescent current in the output stage, the
is that the loop gairy; Ry, must be large. Because of the low ge 9 P g

- i -, Inserted resistor is relatively small. Therefore, even at high
resistive load of 503, this means that the output transistor utput currents, the zero is situated at very high frequencies.

Correcion term s close o one, and the bandich & accuratgl 7112 1 l&rge. the uny-gain requency of the combina-
set by g, and Cy, ' fidh is equal to thqt of the separqte oqtput tranS|stqrs as given

by (4). Thus, the signal behavior in quiescent state is the same
92 4) Bas in the situation where high output currents are handled. This

- Cu1 assures good high-frequency linearity.

g2 1
- . .3
YO o i 1 1 Cp. 1 Cp (3)

The first part of (3) is well known and shows that the outp
transistor operates as an ideal integrator with input curr
generated by, and integration capacita€s;. The second

wo

C
—-g928r L <1 - jwﬂ)
g1

‘/out
= - . 2
Vin 14+ jw(rpeCre + RLCrL + 1 Cat + R.Crp1 + BrRCorrt) + (Jw)? 15 RL(Cpe O + CreCart + CrCu1) @
. Che = C
2928r RL <1 +jw w)
‘/out gl (6)

Vin 1 + jw(reCre + RrCL 4+ 2ROt + 70 Crrt + 28 RO ) + (Jw) 210 Rp(Cre O + 205 Capt + CrCun)
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Fig. 5. Two-stage 1-GHz opamp.

D. Frequency Compensation

The Miller capacitorCy;; which is used to split the two
poles of the two-stage opamp apart [5], [6] has to be chosen
such that the unity-gain frequency is below the second pole.
The second pole of the combination is given by

0—I

g1 g1 @)

Wp2 = ~ .
g Cye + ﬁ + % Cbe + % C(L
be 2 2Cwvn Fig. 6. Class-AB characteristic.

ouT

An opamp is usually compensated such that the poles reach

Butterworth positions when a unity-gain feedback is app”eﬂlnction of « can be maximized. The bandwidth as a function

This is obtained when the unity-gain frequency of the OPel: . is plotted in Fig. 4 for a total curredt of 7 mA and a load

loop response is positioned a factor of two below the Secoggpacitance of 1 pF. The maximum is aroune- 0.65. This

po:je c7orre_sport1r(illng tlo a r}htise&jl?rgln of .6_(tIomb|n|ng ) means that 65% of the current should be used to bias the output

and (7) gives the value of the Miller capacitor as stage and 35% to bias the input stage. We need about 5 mA
Ci=2%2(c, + 1 c (®) bias current in the output stage to obtain sufficient loop gain in

ML= & \TheT o ™L ) the Miller loop and about 1 mA bias current per transistor in

the input stage, because of noise considerations. Fortunately,

The next step is (_:hoosing the bias curren_t in the input_stagﬁzs is close to the optimum. The resulting unity-gain frequency
and output stage in such a way that the highest bandW|dthi§33 4 GHz using a Miller capacitor of 0.9 pF
reached. From (6), the bandwidth is found as ' ' '

wp. M = \/1 e glgé o © E. Class-AB Control
3 CbeCL 4 3 Crban + CoeCant The class-AB biasing of the output transistors can be easily

Substituting (8) in (9) and writing the transconductance asimplemented by using a feedback loop that controls the
function of the current gives collector currents in such a way that no transistor ever cuts
off [7]. An all-n-p-n version of the class-AB control circuit
WB. M = 1 1 11 [2] is depicted in the complete two-stage opamp schematic
’ Vi vCyCr, 94 Q<2+2 Che +1 CL) given in Fig. 5. The transistor§),o; and Q.4 sense the
I CrL 2 Che collector currents of the output transistors. A minimum selector
(10) Q105, Q106 drives transistore);os andQ;o9. These transistors
complete the control loop by subtracting two equal currents
where Vr is the thermal voltage], the bias current of the from the inputs of the output stage through the level-shift
output transistors, ant the tail current of the input stage. Westages. The result is that the lower of the collector currents of
can relate the bias currents of the input stage and the outggth output transistors stays above a certain minimum collector
stage to the total currer} by introducing a parameter current, and thus cutoff of the output transistors is avoided.
I = al, = oy + I). (11) T_his is illustrated by t_he _cIas_s—AB _c_haracteristic plotted in
Fig. 6. The all-n-p-n circuit with minimum current control
Further, the current dependency of the base-emitter capassures excellent linearity from low frequencies up to very
itance can be introduced, and finally, the bandwidth ashégh frequencies.
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Voo multipath nested Miller compensation has been devised [2],
1331$ ?l Iga o lé él I, Cp1 [9], taking advantage of the high gain of the three-stage circuit
F and the high bandwidth of the two-stage circuit. The circuit is
Kg1 shown in Fig. 7. To gain insight into the operation of multipath
Cuma nested Miller compensation at very high frequencies, we
17Vour  calculate the transfer function of the circuit. By straightforward
l’"— R nodal analysis, the transfer function of the three-stage nested
Kg1 Ll F ¢ Miller circuit without feedforward is found. Omitting the less
@7 important terms results in (13), shown at the bottom of the
page, where
W 7 g2 transconductance of the intermediate stage;
g1 transconductance of the input stage;
P2 Br1  current gain of the output transistors;
Br2  current gain of the intermediate-stage transistors;
I2] V. 1  Small-signal base-emitter resistance of the output
e transistors;
Fig. 7. Simplified three-stage amplifier with multipath nested Miller com- 7,5  small-signal base-emitter resistance of the
pensation. intermediate-stage transistors;
Cy.1 base-emitter capacitance of the output transistors;
F. Gain Cyuro  second Miller capacitor.

The dc gaind, of the two-stage opamp from (6) is found ag he transfer function of the two-stage feedforward path is
given by (14), shown at the bottom of the page, where
Ao = 2g2Pr Re. (12) 4., is the transconductance of the feedforward input stage

Using 1 mA bias current for the input transistors and with @1d Cse2 the base-emitter capacitance of the intermediate-
load resistance of 5@ and agy of 80, the dc gain equals stage trgnsstors. The total tran_sfer function is given by the
44 dB. This is not acceptable for a general-purpose widebafignmation of both transfer functions. A Bode plot ,Of the low-
opamp. Therefore, a stage has to be added. By adding ﬁg%quency path and the fegtjfor\{vard path qf a mulupath nested
stage between input stage and the level-shift stage, the nd/iker compensated amplifier is shown in Fig. 8. Because
contribution of the class-AB control transistors is reduced g€ feedforward signal goes through the same circuit as the
the gain of this intermediate stage. This improves the noikV frequency signal, all the poles of the feedforward path

performance by a factor of/2. The three-stage circuit is @€ €qual to the poles of the low-frequency path. The only
discussed in the next section. difference between both paths is the dc gain and the zeros.

The two zeros of nested Miller compensation are caused by
direct signal transfer through the Miller capacitors. One of

these zeros is in the right half-plane and the other one in the
In the previous section, we discussed a two-stage all-n{gft half-plane. It is interesting to see that the feedforward path

n topology for realizing a 1-GHz opamp. It was found thajpes not add a zero, but the left half-plane zero is moved to
the gain was not sufficient. Therefore, a stage is added. To

maintain a high bandwidth, the resulting three-stage circuit . 1

has to be efficiently compensated. A well-known solution ve = The2(Chez + 5 Crrz)’
is to apply nested Miller compensation [8]. However, when

the outer Miller capacitor is inserted, the bandwidth has ¥hen this zero is positioned correctly, the feedforward path
be reduced by a factor of two compared to the two-stag@kes over exactly at the second palg,, thus extending
Miller compensated circuit in order to avoid complex poles. Tine —20 dB/dec slope toward the third pole,;. This is
avoid the bandwidth reduction of nested Miller compensationbtained when the unity-gain frequency of the low-frequency

1
1t
9]

I31]

I1l. THREESTAGE MULTIPATH OPAMP

(15)

. C el — C . C C; e + C
2921 8r1Br2 Ry {1 4 jw—bet = ZML (jw)? M2 Chel 1\41:|
‘/out — 291 . 291
‘/i ]_ Py ,» 2 - - r 3. X CL Cbel
+ jw(Br1Br2RCnr2) + (Jw)2917be17be2 RLCrr1 Craz + (Jw)376e1Tbe2 REC M1 Chr2 | Cher + =+ - o
3)
; c _ Cher = C
V. 2g328r1RL [1 + jwree2 <Cbe2 + %)} <1 + jw %)
out _ m
=

. . ) C Che
14+ jw(BriBraRrCum2) + (jw)2g17ve17he2 REC M1 Crro + (§w)37pe170e2 R Crr1 Caro <Cbel + TL + Cjwi C'L)
)
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Fig. 8. Frequency response of three-stage amplifier with multipath nested
Miller compensation. gs1, the result is
~ 91932
. . WB,MNM = I . (20)
and high-frequency transfer function are equal [2] Cbe1Cp + 5 CLCM1 + Coe1 Ot
5 931 932 In contrast to nested Miller compensation, one pole is re-
wp =2 = = (16) L
Cro  Cinn moved. This is induced by the feedforward path. The expres-

) ) sion is therefore almost identical to the bandwidth expression

In this case, a zero cancels one polesg in the total transfer o the Miller compensated circuit. Therefore, the bandwidth
function. Equation (16) shows that the pole-zero doublglmains high and the bias-current considerations are similar to
introduced by the feedforward path can be well controllegye pias-current considerations of the Miller compensated cir-
because the pole-zero matching relies on the matching Qfit. Thus, the input stage is biased at 1 mA per transistor and
transconductance and capacitors. Only one zero remainsya output stage at 5 mA. Because of noise considerations, the
the right half-plane. This zero can be removed by insertingf@edforward input stage and the intermediate stage also need a
resistor in series witl’, in the same way as with the two-phigh bias current as described below. In all cases, however, the
stage Miller compensated opamp. The result is a widebapgyirement stated by (18) has to be satisfied. Further, although
transfer function with only two poles. the bandwidth does not depend on the intermediate-stage

An additional requirement is thab,, and wps are not transconductance in first order, the bandwidth reduces when
allowed to be complex. When they are complex, the ze[9, andw,; are too close to each other [2]. A compromise
introduced by the feedforward path cannot cancel one of thefound by biasing both the feedforward input stage and the
poles, and the feedforward compensation no longer works. Tiagermediate stage at 1 mA per transistor. Altogether, the unity-
feedforward path, therefore, should take over at a frequengyin frequency is 2.8 GHz. The value 6%, and Cp; is
below polew,s. To calculate the magnitude of the feedforward 1 pF and the value afys2 and Cps is 2.2 pF.

path App, we combine the zera. with the dominant pole  Noise Performance:Since the source impedance in high-

wpr and the dc gain of the feedforward path, yielding frequency systems is low, usually 5I) the noise performance
is dominated by voltage noise. The equivalent input noise
App = 932 <1 +2 @) ~ P32 (17) yoltage resistance of the opamp is dominated by that of the
92 Ch2 g2 input pair
Sincew,s is normally positioned a factor two above the unity- 1 1
gain frequency, this yields the requirement to prevent complex Reqv = 2Rp, a00 + G 400 +2 92, woBr (21)
poles as ’ "
where Rg, 400 is the base resistance of the input st&gg,
932 > 1 (18) 401, 9m, 400 IS the transconductance of the input staggo,
92 2 Qs01, and R, is the equivalent noise resistance of current

sourceslyy; and I96. The first two terms originate from
fhe input stage and the last term from the current sources
1495 and I4p6. The last term can be made small by applying
emitter degeneration. In this design, we allow a noise voltage
of 1.2 nVA/Hz. Since 1.2 n\{/Hz corresponds to a resistance
of only 90 (2, a very low base resistand@z and a very low
emitter impedance g are necessary. Therefore, very large
The bandwidthwg, yvas Of the multipath nested Miller input transistors should be used to realize a base resistance
compensated circuit is calculated by dividing the product af the order of 32, and a high collector bias current of the
the three poles by pole,,. When the transconductance of thénput transistors of the order of 1 mA is required to achieve
feedforward input stages. is equal to the normal input stagean emitter resistanceg of about 252 at room temperature.

The polew,; is found by calculating the crossing between th
feedforward path and the20 dB slope of the nested Miller
characteristic, yielding

g31 g2
Wpy = 272 ==, 19
P2 g32 Cha (19)
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Fig. 11. Photomicrographs of three-stage 1-GHz opamp: (a) open-loop version and (b) unity-gain version.

The feedforward input stage contributes to the noise at highath nested Miller compensated 1-GHz opamp illustrating the
frequencies. Although this seems to be less important, thigher noise above the takeover of the feedforward path is
affected frequency band can be very large. Therefore, the nos@wn in Fig. 9.
considerations also apply to the feedforward input stage and
the takeover of the feedforward path should be at the highest

frequency possible. Since the talfeover '3"91 as given by The realized circuits are discussed in this section. Two 1-
(20), the transconductange of the intermediate stage must besHz opamps have been designed and fabricated in a 10-GHz
large. In addition, this further reduces the influence of slows. 1.,m BICMOS process. The first opamp is based on
settling components in the transient response caused by tie two-stage topology. Although the gain of this circuit is
pole-zero doublet [1]. The noise characteristic of the multiather low, it is the first step toward a 1-GHz opamp. It is

IV. REALIZATIONS AND MEASUREMENTS
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discussed only briefly. The second opamp is based on theo - L Job6. 361 185 g

three-stage topology with multipath nested Miller compensa-
tion. It combines high gain with very high bandwidth, and T
therefore, it is a useful high-frequency building block. Further, g9 [Tt

the bandwidth limitation of the package is considered and, [~ T 17 P T 1ok

finally, the measurement results are discussed. i A jn/\‘N,
,,,,, - MR |

A. Two-Stage 1-GHz Opamp T80 AR50 m00 000 M STOP 3 DOO. 000 000 MHz

The two-stage 1-GHz opamp is shown in Fig. 5. The ©

input stage consists of transist063401, Q402- The input Fig. 14._ Measured frequency response of three-stage 1-GHz opamp: (a)
dri the | l-shift stages consisting of transist unity-gain frequency response, (b) open-loop frequency response, general
stage drives the leve g g %rview, and (c) open-loop frequency response for determining the phase

QQOl, Q203 and QQOQ, Q204, resistors Ry and Rp2, and  margin.
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Timebase = 100 gs/div Delay = 23.1800 g;ts
Vmarkerid = 82.500 mVolts Vmarker2 = 322.50 mVolts Delta V = 240.00 mVolts
Start = 23.3000 ns Stop = 23,9660 ns Delta T = 666.0 ps

(b)

Fig. 15. Measured step response of three-stage 1-GHz opamp using unity-gain connected device: (a) response to a 200 mV step and (b) response to
a 400 mV step, zoomed in to determine slew rate.

capacitorsCr; and Cge. The level-shift stages drive theand Qsp2, (Q204, resistors Ry and Rp2, and capacitors

output transistor$);o1, Q102. The class-AB control circuit is Cr; and Cgo. The level-shift stages drive the output stage

implemented by transistor§;o3—(2110. Miller compensation 141, Q102- The class-AB control circuit is implemented by

is used for frequency compensation. Although a possible unityansistorsQ93—Q110- The first Miller compensation around

gain frequency of 3.4 GHz was predicted in Section Il, thihe output-stage transistors is formed @y;; and Cpi. Chyo

unity-gain frequency is set at 1 GHz. This bandwidth reductidorms the outer Miller compensation loop. For balancing

is due to phase lag originating from the parasitic pole @éasons(Cp, connected to ground is added. Transistpiy;

the level-shift circuit and parasitic capacitance in the levetreates a common-mode feedback loop to fix the bias voltages

shift circuit and the output stage. Further, the bandwidth wa$ the intermediate stag€lso1, (2302 A proportional-to-

reduced because of bonding-wire inductance. absolute temperature (PTAT) source consisting of transistors
Q501—s06 and resistordlsor, Rso2 iS used to bias the opamp
[10]. To stabilize the PTAT source capacit6ky; is added.

B. Three-Stage 1-GHz Opamp The unity-gain frequency of this opamp is also set at 1 GHz.

The three-stage 1-GHz opamp is shown in Fig. 10. ¥wo versions have been made, an open-loop version and a

basically consists of the two-stage circuit preceded by a douklgcuit with on-chip unity-gain feedback. Photomicrographs of

input stage. One of the input stages implements the feedfgfe open-loop opamp and the unity-gain opamp are shown in

ward path. The input stage consists of transis@¥s;, Q402, Fig. 11. The active die area is 0.26 rfim

which drives the intermediate stagesp;, (0302 Multipath

input stageQ4o3, Q404 bypasses the intermediate stage and .

directly drives the output stage via the level-shift stage§: Packaging

The intermediate stage and the multipath input stage driveApart from circuit design, packaging is a very important

the level-shift stages consisting of transistapsg;, Q203 issue at these high frequencies. The inductance of the bond-
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.30~ TABLE |
Ay =40 dB MEASURED SPECIFICATIONS OF TWO-STAGE 1-GHz
-40 = /7 =" =" ! = 25K°
40 vout, p_p_g \Y A Opamp Vpp =5V, Ry = 50 Q, T4 = 25°C
THD -50 N sym- |parameter value unit
4B T bol
[dB] 60 .
b Ipp |supply current 15 mA
-70 T T T 1 O i
pen-loop voltage gain 38 dB
1K 10K 100K 1M 10M At e
— - BW |open-loop bandwidth 1 GHz
fH7] VN  |Equivalent input noise voltage | 2.8 |nV/Hz

Fig. 16. Measured THD as a function of frequency using 1-GHz opamp
connected as 100 amplifier with 2-V peak-to-peak output voltage.

TABLE I
. . . . o MEASURED SPECIFICATIONS OF THREE-STAGE MULTIPATH NESTED MILLER
ing wires is a potential cause of oscillation problems. Each Compensatep 1-GHz Opamp Vpp = 5 V, Ry, = 50 Q, Ty = 25°C

bonding wire loaded by capacitance forms a resonator. Whej

i X . i X Sym- |parameter value unit
we consider a small bonding wire with an inductance of 3 nH
loaded by a capacitance of 1 pF, the resonant frequency |s min. | typ. | max.
about 3 GHz. This is very close to the bandwidth of our| T,, |temperature range -55 125 °C
C|_rCU|t! Such a resonator within t.h.e feedbgck loop would b Vop |supply voltage range 26 e v
disastrous. Therefore, the capacitive loading of the load was
separated from the feedback path by making two output ping, lep |supply current 24 mA
one for the load and one for the feedback. In addition, doubl¢ 1; |input bias current 19 HA
bonding wirgs are used on the_outpL_Jts and four bond wires 0 TV, |offset voltage oz] os e
the supply lines. Double bonding wires are not necessary op—
the inputs because the capacitive loading of the n-p-n inpytVcm |common-mode input voltage 10 Vep-lLO| -V
stage is very small. The pin connection scheme of the open- range
loop version is shown in Fig. 12(a). The pin connection of thel 1. |peak load current, 55 | 58| 66 mA
unity-gain connected opamp is shown in Fig. 12(b). The chig sink and source
is packaged in a small plastic surface-mounted device (SMD)) A, |open-loop voltage gain 76 dB
package. Vout |output voltage swing 04 Vpp-1.2 v

SR [Slew rate < 360 Vius
D. Measurement Results —
) ) . S19, |1% Settling time (200mV step) 34 ns
To test the CII‘C.UII, the devices were mounted on a copp "o |0.1% Settling time (200mY sep) 0 -

plate together with small SMD external components an
high-frequency connectors connected as closely as possibleW |open-loop bandwidth 1 GHz
to the pins. An HP8753A network analyzer was used td v, |Equivalent input noise voltage 12 nVAHz
measure the frequency response. The measurement setup—

p=J

shown in Fig. 13. To compensate for delay in the cables,

first a calibration measurement was performed as shown3@0 KHz to 3 GHz of the open-loop version. The result of the
Fig. 13(a) with the source cable directly connected to the loatbre accurate measurement with resistive load to determine
cable. Then the setup as shown in Fig. 13(b) was usedth® phase margin is given in Fig. 14(c). The phase margin is
measure the unity-gain connected device, and the setup shawh

in Fig. 13(c) to measure the open-loop opamp. DecouplingThe step response of the on-chip unity-gain device was
capacitor C consists of several types of capacitors to cover theasured using an HP54120A 20-GHz digitizing oscilloscope.
whole frequency range. Using this method, an overview dhis oscilloscope generates a 200 mV step in &90ad. The

the frequency response can be obtained, but it is not suited fesponse to the 200 mV step is plotted in Fig. 15(a). Again,
determining the phase margin. In order to determine the phalse opamp was loaded by a $SDresistor. The 1% settling time
margin, the voltage of the feedback output in Fig. 12(a) hasi® 3.4 ns and the 0.1% settling time is 6.0 ns. By removing
be examined. However, if a cable is connected to this node, the 5042 resistor at the input of the opamp, a 400 mV step
voltage is affected for high frequencies. Therefore, a separ@&tecreated in order to measure the slew rate. The result is
measurement was performed to determine the phase marghmwn in Fig. 15(b). The harmonic distortion of a 2-V peak-
where the output of the opamp was loaded by g5fesistor to-peak output voltage was measured using the opamp in a
connected as close as possible to the output pins. The measif@k configuration. The total harmonic distortin (THD) as a
frequency response of both three-stage devices is shownfuinction of frequency is plotted in Fig. 16.

Fig. 14. The Bode plot of the unity-gain buffer is shown in The most important parameters of the two-stage opamp are
Fig. 14(a). The—3-dB frequency of the buffer is 1.5 GHz.listed in Table I. Table Il summarizes the measurement results
Fig. 14(b) shows an overview of the frequency response frosfithe three-stage 1-GHz opamp. The difference in bias current
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is due to the added second stage and the extra input stage - Rudy G. H. Eschauzierwas born in Vlaardingen,
the feedforward path generation. Both stages are biased ¢ the Netherlands, on August 10, 1967. In 1985, he

. . began his electrical engineering studies at the Delft
MA per transistor. Further, the bias current of the output sta

University of Technology, Delft, the Netherlands,
has been increased in order to accurately fix the bandwidth from which he graduated in 1990. In that same
the feedforward path. year he started a research project on the subject of

frequency compensation for low-power integrated
amplifiers at the Electronic Instrumentation Labora-
tory of the Delft University. In 1994 this led to the
Ph.D. degree.

The design of wideband opamps requires, firstly, a thre He is the author or co-author of numerous sci-

stage topology to cope with the %®4doad and secondly an entific papers and has filed several patents in the area of analog circuit
' ’ " design. Furthermore, he is the author of an internationally published textbook

efficient frequency compensation technlque. MUItlpath neStG frequency compensation techniques for low-power operational ampli-
Miller compensation proves to be a very efficient frequendigrs. After graduation, he joined the Automotive Products Group of Philips
compensation scheme that operates up to very high frequéfmiconductors, Sunnyvale, CA, as a Senior Design Engineer. There he

. .. . . . was involved in the design of a number of mixed-signal IC solutions for
CI?S, gaining a fa.ctor two In uplty-galn freq_uency over nes’_t ver information systems. In 1996, he changed positions and moved to
Miller compensation. By applying nested Miller compensatiothe Communications Product Group, where he is currently engaged with the
to an aII-n-p-n topology, a 1-GHz opamp has been fabricatéepign of baseband circuits for CDMA-based digital cellular telephones.
with 76-dB gain and 1.2-n\{/Hz equivalent input noise

voltage.

V. CONCLUSION

Gert J. A. van Dijk was born in Vlissingen, The
Netherlands, on August 14, 1958. He received the
B.S. degree in electrotechnical engineering from the
Windesheim College, Zwolle, The Netherlands, in
1980.

Currently he is a Research Assistant at the Elec-
tronic Instrumentation Laboratory, Department of
Electrical Engineering, of the Delft University of
Technology, Delft, the Netherlands, and is involved
in research and design of operational amplifiers and
integrated smart sensors.
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