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As an extension of a well-known 1-D approach [14], the following is
easily arrived at.
Theorem 7: The nonlinear LSS model given by (1a)—(1e) and (54)
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L . —aA"D G. Palumbo and S. Pennisi
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—aDA ’ 2D-P Abstract—This paper compares the main performance parameters of

(55) the current feedback opamp (CFOA) with those of a conventional voltage
opamp (VOA). To make the comparison effective, a folded cascode VOA is
considered (which is characterized by similar features and topology) and

V. CONCLUSION the same power consumption was assumed for both amplifiers. The work

confirms that the CFOA can provide higher bandwidth, albeit at the ex-
This paper establishes new criteria for the global asymptotic stabilitgnse of reduced loop gain. Noise performance is also analyzed. Input-re-
of 2-D digital filters described by the Fornasini-Marchesini secorigrred noise generators are determined and some peculiar CFOA features,

LSS model with overflow nonlinearities. The criteria, for saturatiof2¥ind N0 equivalence in conventional opamps, have been highlighted. Itis
’ ’ shown that the CFOA has slightly lower noise voltage, but a larger noise

and triangular arithmetics, imply overflow stability for a broader clasg;rrent. Simulations are given which are in very good agreement with ex-
of A, as compared to [9]; for other overflow nonlinearities, the presepécted results.
approach and [9] are supplement to each other. The approach leads fiyex Terms—amplifier noise, current feedback opamp, feedback am-
a more relaxed saturation overflow stability condition, as comparedgiiers, operational amplifiers.
[11]. A limit cycle-free realizability condition pertaining to quantiza-
tion nonlinearities is presented.
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stage is the second stage. It converts the current, which flows to - vee

output node of the input buffer into a voltage across a high-impedar

node, thus determining the (transresistance) gain of the CFOA. T Q7 8a

other voltage buffer implements the output stage and has the only ¢ @ IBlb ® B2
3
4

pose of properly driving the output load. 8

The high slew rate performance derives from the use of a class / :
topology for both the input and output stages. Although differenti Q
stages with class AB capability, reported in the literature [16]-[19
could be used in conventional opamps to provide a high slew-rate, t %_Km
option is rather unusual and expensive. IN

Despite the differences in topology structure between CFOA al
VOA [20], [21], the external circuitry and applications are very sim KQ
ilar. Indeed, a CFOA provides high gain between input and output
high-resistance noninverting input, and a low-resistance output. The
are also the fundamental characteristics of a VOA. IBla Q

In this paper, a comparison is made between bipolar CFOA and V(
in regard to static, frequency and noise performance. Already pt
lished comparisons between different amplifier architectures have hi...
erto only considered ideal amplifiers or at least one-pole models [13],
[22], with important parameters such as noise never being treated.

The comparison proposed assumes that actual CFOA behavior is
characterized by a dominant pole and a second pole, limiting the ampli-
fier gain-bandwidth product. The comparison is with a VOA of compa-
rable topology, thus providing similar features. Moreover the electrical
open- and closed-loop parameters of the amplifiers are related to the
bias operating conditions, assuming the same power consumption for
both amplifiers. (b)

Fig. 1. (a) Scheme of the CFOA. (b) Small-signal model of the CFOA in
Fig. 1(a).
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Il. CFOA CHARACTERISTICS

Consider the CFOA scheme diagram in Fig. 1(a). Transistors Q1-Q4 R2
and Q9-Q12 form the input and output voltage buffers, respectively. —W——
The transimpedance stage is realized with the two Wilson current mir- R,

rors Q5—Q6 and Q7-Q8. 0 AAA

CFoA >——0
+

A. Static Performance

The small-signal model of the CFOA is shown in Fig. 1(b), Wher'gi
R, is the equivalent resistance at the gain node A. The output resisy
tance of the input voltage buffet/g..:, is the input resistance at in-
verting node, and the input resistance of the input buffar, is the ~ Providing a resistive feedback as shown in Fig. 2, the dc open-loop
input resistance of the noninverting node. The output resistance of N of the CFOA becomes

2. Closed-loop configuration.

output voltage bufferl /..., is the output resistance. Controlled gen- R, R,
eratorsai, o> andh model the transfer functions of the input and Ao = 1 1
output voltage buffer, and the complementary current mirror, respec- Ry + i Ry + +—| B
tively, and are usually almost unitary in module. Gmo - Jms
By inspection of Fig. 1(a), we get - Ry )
~ 1
Ry + +
; ; L , S~ Gmo Gmi
~ ,Hn ,Hp . ,377/,5])‘/.471"/,—’\]) 1
R~ o e T gy, ByVap 20 (1) where the approximation holds if resistar@e is greater than / g, .
With this basic assumption the amplifier is always under unity gain
1 _ 1 - (2) current-feedback, irrespective of closed-loop gain (Bnjl
gmi  Gm3z + gma  2Ip
1 Vi @) B. Frequency Performance and Stability
Gmo 21, The dominant pole of the open-loop amplifier is
. J— 1 5
where ) wae = R.C’ ®)
voltageV:  thermal volltage(x T/0); ) ) From (4) and (5), the gain-bandwidth product results
Bn\ Bp current gain of: andp transistors, respectively; .
Van,Vap,  Early voltages of: andp transistors, respectively; (6)

) . WobwC ~ 1 1 .
I, quiescent current in the output branch. B> + s T &
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Fig. 4. Bipolar transistor with equivalent noise generators.

Fig. 3. Input noise generators of a CFOA. . )
Therefore, care must be taken when evaluating the equivalent output

. voltage noise at terminal X, to separate the component due to noise
Equation (6) shows the well-known property of CFOAs, Th?/oltage from that due to noise currF:ant P
closed-loop bandwidth is independent of the closed-loop gain pro-croa input noise voltageSy, can be computed by evaluating the
V|d|ed tt;at rte5|stancé;2 'S Ti.rl‘.ttame‘j ggnstant. h . open-circuit voltage at the inverting terminal with the noninverting one
th n olr fr ohguaran e_e s a 'l y Pror\]/' Iéng akf)rop?r P ?ﬁe maggin, grounded. Itis equal to the input noise of the voltage follower Q1-Q4.
€ relationshipug.c = wac/tg() holds, wherevsc is the equiv- =5,0ati0n s simplified by considering that all the input transistors

gler:ttﬁecorld ptole((j)f t:e otpeln-lgop amptllfgebr. Usually the second p &ve the same quiescent collector current. They are thus characterized
IS atthe output node due to load capacitatige by the same transconductangg = gm;-

1 .
— 7N Sea (L)
w)|

w20 =

CL

<Rz + !
Gmi

gr 1
: |:25V1,3 +2Sve 4+ ——

Hence, the worst case condition from a stability point of view, which : 1 1
is when the amplifier is operated in unity-gain loop (iB:, = 0, that . <Srma + Sreiv+ S+ Sr2 + 1 Srs + 1 514) }
makes the gain-bandwidth product the largest possible), sets [23]

Vi
~4kT <7 »+ 210) . (10&)

v : Imi Ymo v
Ce=19(p) T Cr. (8)
Let us now consider the two noise current generatgrsandS;—.

Itis widely considered that a CFOA cannot be operated in unity-gajs known, these equivalent sources are exactly equal for conventional
Configuration using aresistané® equal to zero. In our opinion this is opamps. For CFOASs, however, the asymmetry of the input stage leads
not true. This misunderstanding derives from the fact that ideal CFO&ﬁtWO very different values. The current generator at the noninverting
cannot be connected in such a fashion because two voltage genergifth-impedance) input can be found by evaluating the short-circuit
(the output and the input buffer) would appear in parallel. However, reglrrent at the same input terminal (as for conventional VOAS). In con-
amplifiers include real buffers with finite (nonzero) output resistancgast, the equivalent noise generator at the inverting input (which can be
Therefore, the connection is not only possible, but also provides t§&en as the input referred noise of the current follower between terminal
highest open-loop gain and bandwidth (and minimum output nois@)- and node A) can be found by evaluating the short-circuit current at

The issue now becomes to properly compensate the amplifier, and{8lie A (with the input terminals left open). We get
gives the appropriate design equation.

Moreover, it is worth noting that for the same bandwidth (i.e., the
same(';) power consumption is minimized by setting.; = gmo
which meandg: = Ig:.

Si— =~ QQ?ni (Svs,6 +Sv7,s)+ S+ Sio

+ 2 S1B2a + 3z SiB2b
NPN FPNP
C. Noise Performance 1
2
Like conventional opamps, CFOA noise can be modeled by three R 16T gp <7’b + 2%”,)
equivalent input noise sources: a noise voltage generator and two noise ’
current generators [20], [24], [25]. This model is shown in Fig. 3, where —16 <7'b£ N 1) oo (10b)
Sv, Sr+ andS;_ are noise power spectral densities. Vr 2 i
To evaluate the noise generators we use the transistor noise model 1
with input-referred noise sources in Fig. 4. Neglecting flicker noise, Siy =S+ S+ T Sip1a + EE. SiBip
parametersSy-; andS;; in Fig. 4 are expressed respectively as FNEN pNE
1 1
. ~2 <5 + ,37) qlc (10c)
MNPN MPNP
Sv; =4kT <”'bj + 27) (9a)
Gmj
S, =9I ! (9b) whereS, s, represents the parallel noise of tfté bias current gener-
1j =241Bj

ator.

Equations (10a)—(10c) indicate weakly correlated noise expressions.
wherer,; andl gz ; are the base resistance and the quiescent base curimknown, this is a favorable condition which greatly simplifies noise
of the jth transistor, respectively. computation and makes the definition of input noise generators quite

Observe that the evaluation of input noise generators is complicateskful. Moreover, by comparing (10b) and (10c) it can be easily recog-
by the fact that a CCll is a three-terminal device where terminal X aatized that the noise current of the inverting input is much higher than
as an input (current) and output (voltage) terminal at the same tintleat of the noninverting one.
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Fig. 5. (a) Scheme of the VOA. (b) Small-signal model of the VOA.

We now evaluate the total output noise in a generic closed loop cdrtie transconductance gains 1 , is equal to that of the input transistors
figuration with resistive feedback, by using the noise model develope&gl, Q2, with the other parameters being defined previously.
In a closed-loop configuration, assuming an infinite open-loop gain, theModel parameters are related to the bias operating point through the
noise is transferred to the output exclusively via the feedback netwoféllowing relationships
Therefore, for the circuit in Fig. 2 the output noise power spectral den-

sity is 3 BnBpVanVa 1
R/ ~ Mn - ’3’)’1 — HnlHpVAn gi 12
I N P R P
R>\’ 2 R>\’ Vi
So=1(14+—=51}) Sv+S—R;+ Sv — Svre (11 e =
< + R1) v+ SRy + Svm 7 + Svr: (11) r, 5ilom 13)
) . ) — IB1a (14)
whereSy r; is the thermal noise voltage of thi¢h resistor4kT R;. gm1 V,

Equation (11) is the same well-known expression of the output noise
power spectral density as for the VOA and well approximates the outitid applying a resistive feedback as shown in Fig. 2, the dc open-loop

noise forR; much greater thai/ ¢.,;. gain is
< '
11l. VOA CHARACTERISTICS Ay = zlrr||Rl doi B & g1 Ry (15)
In order to compare the CFOA with a VOA, we consider a VOA ar- Ry + + 27, || By =
chitecture with features similar to those of the CFOA analyzed previ- Ymo
ously. In particular, the topology chosen is fokled cascod®OA in
Fig. 5(a). The main characteristic of this topology is, like the CFOWhereG. represents the asymptotic gain
in Fig. 1(a), having only one high-gain stage, since it achieves the
high voltage gain thanks to the high equivalent resistance at node A. G =14 iz} (16)
Moreover, the fully transconductance of the input differential stage is s Ry
gained by using the Wilson current mirror Q4—Q6, to perform a differ-
ential-to-single conversion.
B. Frequency Performance and Stability

A. Static Performance The dominant pole of the open-loop amplifier is again given by

The equivalent small-signal model of the VOA considered is show®) substitutingR; andC for R: andC:. Thus, the gain-bandwidth
in Fig. 5(b), whereR, and C; are the equivalent resistance and th@roduct results
compensation capacitance at the gain node, respectively2:ants Jm1
the equivalent resistance at the input of the differential stage Q1-Q2. Ygbwy A GOl 17)
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Fig. 6. Frequency responses of the loop-gain of CFOA and VOA.
For VOA, too, the second pole of the loop-gain can be assumed at the TABLE |
output and is given by EQUIVALENT INPUT NOISE GENERATORS OFCFOA AND VOA
1 g Noise CFOA VOA
wae = ~ T (18) Simul. Calcul. Simul. Calcul.
(Rs+ R |- Cr
2 + It1) g L JSy @V/VHZ) 2.1 2.8 60 55
Hence, to achieve the phase marginin the worst condition of V- (PA/VHz) 40 43 0.8 0.8
unity-gain loop, the compensation capacitance
[S;, (pA/VEHZ) 1.7 1.7 0.8 0.8
Ci=tg(p) Ity (19)

Imo

assume, without loss of generality, the same power consumption for
is needed. both the CFOA and VOA by settinbiz .5, equal to2Is,. As a con-
sequence, the VOA input transconductance results
C. Noise Performance

Conventional VOAs are by nature low noise configurations. Indeed,

the input stage provides maximum power gain, which reduces the noise gmi = Jmi = mo = G- (1)
contribution of the following stages. Therefore, the input referred noise
is practically only due to the input stage. In particular, we get Thus, the VOA resistanc&, is in the rangeR, < R, < 2R, (itis
equal to2 R, if a cascode current mirror is used in the VOA instead of
) : -
N = SiB1s + Sinie a Wilson current mirror).
Sv 225v12 +2 PE Svae + PE (20a) The dc value of the open-loop gain directly sets the accuracy of the
closed-loop transfer functions. For instance, when the amplifiers are
Sr+ =81— = 85n,2. (20b)

operated in unity-gain configuration, the open-loop gain determines the
transfer errotd,; /(1 + A.r).

Equivalent noise voltage in (20a) can be simplified by using low- Comparing the open-loop gain of the CFOA with that of the VOA,
noise bias current generators and seting ¢ > ¢..1. However, in We get
our desigrym4,6 = gm1 IS chosen, thus giving a VOA voltage power
noise which is twice that of the CFOA. Aac _ Bi G (22)

For purely resistive closed-loop configurations, the total output noise Aoty R 24 gm B
is still given by (11) which was already derived for the CFOAs.

which is alwaysmuch lower than one, ag..R: >> R2/R:. This
means that for the same amount of power consumption the (closed-
loop) accuracy of a bipolar CFOA is worse than that achieved with a

Since a tradeoff exists between frequency performance and poWéA. The ratio given by (22) is equal to its maximum, i.8,/2R;,
dissipation (and sometimes between gain and power dissipation), fimethe amplifiers used in unity-gain configuration.

IV. COMPARISON
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Fig. 7. Output noise of the CFOA and VOA, in unity-gain configuratié (= 0).

By comparing the resulting bandwidth of the CFOA and VOA welramatically, especially for high values of the feedback resist&hace
get In particular, it can be shown that the contribution to the output noise
. , of S, becomes greater than that$f if resistanceR: is greater than
wde RiCi =4 & (23) Gw/2g:m. As one may easily realize, this condition is usually met and
wav  RiCy R then the output noise in CFOA is dominated by the noise current.
which shows the CFOA bandwidth is superior to that of the VOA, Another difference concerns the noise of the bias current generators.
for the same power consumption. This advantage in terms of spée@ations (10a) and (10c) state that the noise current from IB1 and
is achieved in an open-loop configuration, but to really evaluate th2 affects the CFOAs equivalent input noise. For VOAs, however, the
speed benefit we have to compare the CFOA and VOA frequency R&me componentis partially suppressed by the CMRR. In fact, the noise
sponse in a closed-loop configuration. The closed-loop bandwidthGdrrent of IBla does not appear in the equivalent input noise expres-
equal to the gain-bandwidth product of the open-loop gain, and, hengi®ns. In addition, (10b) shows that the equivalent noise input current
we can simply compare the gain-bandwidth product of the two amp#f the output stage also adds directlyip-. This aspectis completely

fiers. Thus, we get absent in VOAs, where the noise is due to the input stage only, but it
was already encountered in other current-mode amplifiers [24]. This

Wb Gos noise component can become significant if high bias currents are used

ey 45 ol (24) in the output stage, but can be decreased using mirrors (Q5-Q6 and

Q7-Q8) whose current ratios are greater than one [25].

Equation (24) reveals that when the amplifiers are used in unity-gain
configuration (with R. equal to zero), the CFOA gain-bandwidth V. SIMULATION RESULTS

product is only twice as great as that of the VOA considered. Ther, \jigate the above discussion, the two opamps in Figs. 1(a) and
bandwidth improvement can be higher for closed-loop gains greaigr) \vere implemented using standard bipolar technology with max-
than 1. In this case, remembering the definitiorGot, the expression i m current gain and transition frequency of npn transistors equal to

in (24) can be rewritten as 90 and 4 GHz, and those of pnp transistors equal to 30 and 2.4 GHz.
The base resistance was about 4D@or both transistors. We used a
WobwC Goo . (25) Ppower supply of 5 V and the bias currents IB1 and IB2 were set equal
WobwV 2+ gmRi(G — 1) to 2001:A. To have the same VOA power dissipation (of about 7 mw),

the bias current of the differential pair, IB1a, was set to 480 With
Assuming as usuglmR1 > 1, (25) shows a gain-bandwidth ratiothe above bias conditions the output resistances (as well as the inverting
lower than 4 in any case. input resistance for the CFOA), resulted@0Assuming a load capac-

As far as the noise performance is concerned, by compariiigr of 100 pF, and imposing a phase margin of 7the compensation
(10a)—(10c) and (20) it becomes apparent that similar noise voltacgpacitors required, as given by (8) and (19) for the CFOA and VOA,
and noise currents at the noninverting input characterize the twere 69 pF and 138 pF, respectively.
circuits. We have already outlined a first difference between theFig. 6 illustrates the loop gain of the two amplifiers assuming unity
CFOA and VOA due to the nonsymmetrical CFOA input stage leadirgain configuration. The dc gain is 66 dB and 82 dB, a strong degra-
to two different input equivalent noise currents. The noise curredation of gain is manifest in the CFOA, just as predicted by (22). The
given in (10b) is considerably higher than the one in (20b), sincegain-bandwidth of the CFOA is about 14 MHz, while itis only 7 MHz
represents the noise of a class AB current mirror. Due to the higHer the VOA. As expected from (24) the gain-bandwidth of the CFOA
relative value ofS7— the closed-loop output noise of CFOA can risds greater by a factor about equal to 2. Finally, a very good agreement



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 48, NO. 5, MAY 2001

TABLE I
OuTPUT NOISE OFVOA AND CFOA FOR DIFFERENT CLOSED-LOOP GAINS
AND FEEDBACK RESISTANCES

Sy, (nV/JHz) (only white noise)

R/ (kQ) R,(kQ) CFOA VOA
0.5 5 206 73

10 373 1366 [1]
15 4931 194.6

1 10 546 80 2
20 550 150

30 6497 2137 [3]

between the simulated and expected phase margins was found. Errcgr
was only about 0.1 for both the CFOA and VOA.
Slew rate was found to be one order of magnitude higher for the ]
CFOA (equal to 29 \its), whereas that of the VOA (equal to 3,)\4)
is limited by the bias current of the class A input stage. 6]
Table | reports the spectral densities of input noise voltage and cur-
rent generators for both amplifiers. As can be seen, the simulated values
are in good agreement with the ones calculated using (10a)—(10c) anll
(20). The VOA noise voltage is about twice that of the CFOA, the noise
currents of VOA are also twice those associated to the noninverting[g]
input of the CFOA, while the noise current at the inverting CFOA input
is about 50 times greater than that of its VOA counterpart. ]
Fig. 7 shows the output noise voltage spectral density for both am-
plifiers in unity-gain closed-loop configuration. The white noise con-[1g;
tribution is 4.2 nVA/Hz and 6 nV4/Hz for the CFOA and VOA, re-
spectively. For unity gain, the CFOA has better noise performance due
to its lower input equivalent noise voltage. However, as already noted,ll]
the higher CFOA noise currest;— can be responsible of significant [12]
output noise, for increasing values of resistaRge This is confirmed
by the data given in Table II, which reports the output (white) noise of(13]
the CFOA and VOA, for different closed-loop gains and feedback re-[14]
sistances.

[15]

VI. CONCLUSIONS
[16]

A detailed comparison between a CFOA and a VOA with com-
parable topology, was presented in this paper. Electrical open- and
closed-loop parameters were related to bias operating condition 1,7]
assuming the same power consumption for both amplifiers. The worlyg)
confirms that the CFOA provides a higher gain-bandwidth product.
However, this was achieved at the expense of losing open-loop gaifiL®]
Specifically, it was found that the ratio between the CFOA and VOA
dc open-loop gain decreases on increasing feedback resistance [20
For R, equal to zero the ratio reaches its maximum which is equal to
R, /2Ry, of which R, and R; are the small-signal resistances at the [21]
high impedance internal node of the CFOA and VOA, respectively. I;EZ]
this case, the gain-bandwidth product of the CFOA is twice as large
the VOA (and in general, never higher than four times). [23]

A comparison of the noise characteristics was also carried out and
some peculiar CFOA features, with no equivalence in conventional
opamps, were highlighted. The CFOA employs a common-base cohé4
figuration to implement a current-in stage which has no current gain.
Therefore, a considerably worse noise current was found for this ampli25)
fier, while noise voltage was similar to that of the VOA. Her greater
thanG« /2¢., (a usually met condition), the output closed-loop noise
of the CFOA is dominated by the noise current contribution.

All the analytical results which were developed in this work were
lastly validated through simulations using SPICE. A very good agree-
ment between the expected data and simulations was encountered.
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