I$ TEXAS Application Report

INSTRUMENTS SLVA417—-May 2010

DC Output Errors in a Fully-Differential Amplifier

John Miller HSP-High Speed Amplifiers
ABSTRACT

This report gives a brief analysis and the results for DC output error calculations for a fully-differential
voltage feedback amplifier. For additional information on operation and design applications for
fully-differential amplifiers consult the application report Fully-Differential Amplifiers (SLOA054,[2]). Many
of the assumptions and quantities used in this analysis are borrowed directly from the applications report
mentioned above.

This report is divided into several sections. The first section describes the model and lists the associated
sources of DC output error that are considered in the analysis. The second section gives the detailed
analysis which concludes with a single and expression for the total DC output error resulting from all of the
associated error sources. Subsequent sections give the individual error source contributions to the total
output error, and discuss the implications of some simplifying assumptions, such as resistor matching.

A subsection with examples is also included. It shows a numerical comparison between the analytical
model and a TINA simulation for one of the validating test cases, and an example of using the model to
predict the worst-case output error for the THS4521, a high-speed, low-power fully-differential amplifier.
The last section is a summary table of the individual error source contributions to the total output error.
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1 DC Error Model for a Fully-Differential Amplifier
Figure 1 shows the equivalent DC model for input offset and bias currents for a fully-differential amplifier.
The DC errors in the output of a fully-differential voltage feedback amplifier shown in the circuit diagram in
Figure 1 are due to six factors:
1. Input offset voltage (Vo).
2. Input bias currents (Ig., lz.)
3. Mismatch between input and output common-mode voltages (Voem —Viewm)
4. Common-mode rejection ratio (CMRR)
5. Power supply rejection ratio (PSRR)
6. Resistor mismatch
The voltage source V,q represents input offset voltage, while the bias current sources Iz, and Ig_ are the
input bias currents for the non-inverting and inverting input terminals respectively. The offset voltage is
evenly split between the two input pins to facilitate the analysis.
Source
Vin. R1 R2
MN\—9¢ A
Vip/2 C)
Vio/2
VICM
- Vio/2
L Vip/2 C)
Vj. R3 R4
— W M-
Figure 1. DC Error Model of a Fully-Differential Amplifier
2 Analysis of Total Output Error
The ideal differential and common-mode outputs of the fully-differential amplifier are given respectively by
the relationships:

Vob,ipeaL = Vour+ — Vour. — =a(Vp - Vn)

Voem = (Vout+ * Vour.)/2 o
where the parameter a is the open-loop gain of the device and Vp and Vn are the voltages at the
non-inverting and inverting input terminals of the device.

Not shown in the schematic diagram are the DC errors because of an input common-mode signal and
because of power supply variations. The device input common-mode signal is given by the mean value of
the two input voltages at the device input pins: Veoyn = (Vp+Vn)/2. The output of an ideal device (see
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Equation 1) depends only on the difference of the input voltages, and the input common-mode voltage is
rejected by the ideal device. In an actual device, some component of the input common-mode voltage
appears at the device output as an error. Following the definition by Franco [1], the differential output error
due to the incomplete rejection of the input common-mode voltage can be expressed as an effective
common-mode gain that multiplies the common-mode voltage at the device input pins Vn and Vp:

AVop (VCM,IN) =acu Vom,n )

Note the device input common-mode (V) is Not the same as the applied input common-mode voltage
of the circuit from the signal source (Vo). If CMRR = a/a.,, then the expression for the output error due
to the input common-mode voltage is:

Y (Vp+Vn)/2
AV Y/ - CM,IN -
oo (Vown) = 2 zyer =2 ChRR 3)

The output error due to power supply fluctuations can be expressed in a similar manner:

AV
AVen (Ve ) = S
oo (Vs) ?BPSRR @

Adding these errors to the open-loop expression in Equation 1 gives:

(Vp +Vn)/2 , Vops
CMRR PSRR

Vob =a{Vp -Vn+
®)

The common-mode and power supply effects are referenced back to the device input pins via the
open-loop gain a, which allows modeling these terms as additional input offsets. Rearranging and
grouping like terms gives:

VODza 1+;Vp_ 1_;Vn+&
2CMRR 2CMRR PSRR

=albyV b,oVn + AVs
VP~ 02 PSRR

where:

N
2CMRR

1
b2 = (1_ 2CMRR]

Using the relationships in Equation 1 gives:

6

Vob = Vour+ — Vour-

AV,
=2Voyr+ — 2Vocm = a{pr - bVn + PSRSR}

O

The corresponding voltages at the input terminals (Vp and Vn) that result from input signal and feedback
voltages are given by:

Vn =Viy_(1-B2) * Vour+B2 * lg-Rear — Vio/2
Vp = Vin: (1-B1) + Vour_B + lg+Reqz + Vio/2 @)

Where B, = R3/(R3+R4) and B, = R1/(R1+R2) represent the feedback factors for the circuit in Figure 1.
The equivalent resistances

Reo: = R1 || R2 = RIR2/(R1 + R2) and Rgo, = R3 || R4 = R3R4/(R3 + R4)

represent the parallel resistances of the gain-setting and feedback resistors. The parameters Vg, |z, and
Iz are the input offset voltage and input bias currents as described above.

Substituting the equations in Equation 8 into Equation 7 gives:
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2 1
Vours [b1B1 +byB, + gj =bVine (1 = By) = baVie (1 = B2) + 2Voom [b151 + gj

Vi Vops
+biig:Reqy — bolig Reqr + —2(bq + by ) + —=
1B EQ2 2B EQ1 2 ( 1 2) PSRR (9)

A similar equation may be derived for the inverting output (Voyr_) by applying the relationship Vop = 2V
— 2Voem and working though the same series of manipulations as before, beginning with Equation 8:

2 1
—Vour- (b151 +byB, + ;j =bVine (1 = B1) = bVine (1 = B2) = 2Voem (52 + gj
Vio Vo,rs
+ bqlg+R — bolg_R + —(by +by) + ———
1h8+REqQ2 2liB-Req1 5 (by + by) PSRR (10)

Summing Equation 9 and Equation 10 for a dependency on the differential output Vo, gives:

2
Voo (b1B1 + b, + gj =2b, Vi, (1 = B1)—2bViy (1 = B2 ) + 2V (biBy — b2B;)

V,
+ 204he:Reqz — 207lis-Reqq + Vio (b1 +b2) + 2% (11)

Expressing the circuit inputs (V y., Vi) in terms of the balanced sources and the applied common-mode
voltage (V) shown in the schematic above gives:

Vine = View *+ Vip/2

Vin- =View — Vip/2 (12)
It can be convenient to express the bias currents (lg., l,g_) in terms of their common components and
differential (offset) components:

lg+ =lg + lo/2

lg- =lg — lo/2 (13)

The equivalent schematic of a fully-differential amplifier first presented in Figure 1 can be redrawn to
reflect the identical bias currents and offset current.

Source
Vi R1

AA—s

()

VOD = Vout+ = Vout-
= a(Vp-Vn)

V. R3 R4

— e a—d M-

Figure 2. DC Error Model of a Fully-Differential Amplifier with Input Offset Current
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Substituting Equation 12 and Equation 13 into Equation 11 and combining terms results in an expression
for the desired differential output as well as the sources of output error:
Vig (2 - byBs- byB5) 1 } Desired Output Signal
+Vio (bs+ by)
+2lg (b1REQ1' bZREQZ)
tho (b1REQ1+ bZREQz)
+2(Vocm-Viem )(01B1- b2B2)

+ 2Viem 4 5 Vops
CMRR  PSRR

Output error

Vop ==

2
(b1[31 + by, + a]

where: b, and b, were first defined in equation (6)

1
+

2CMRR
b2 =1 - ;
2CMRR (14)

The total output of the FDA can be divided into a single desired output signal and six sources of output
error that are caused by input offsets and bias (V,q, |0, lig), finite common-mode and power supply
rejection (CMRR, PSRR) and joint mismatch between common-mode voltages (V.cu, Vocuw) and feedback

paths (B,, B,). The contribution of each error source to the total output error is given in the following
sections.

by = 1

3 The Impact of Individual Error Sources on the Output Error

3.1 Desired Signal

The term V4 (2 — b,B, — b,B,) / (b,B; + b,p, + 2/a) in Equation 14 represents the desired output and the
remainder of the numerator terms represent differential output error. Substituting the quantities b, and b,
gives an expression which shows the impact of the imbalanced feedback paths (B, # B,) and the finite
common-mode rejection (CMRR < «) on the output level of the desired signal:

2 - (B4*B2) - m(& - B2)

3
L (O 2
Br+B2)* Sourr B~ B2) 7 (15)

Note that the combination of imbalanced feedback paths and finite CMRR can affect the desired signal
output level. If the feedback paths are balanced (R1=R3, R2=R4 — B, = B, = B) and the open-loop gain a
>> 1, the desired output simplifies to:

B1=B2 1
Vop (desired) = Vid( _B]

~ o P (16)

Vop (desired) = Viy

Equation 16 is a general result also reported in [2]. Note that for matched feedback paths, the effects of
finite CMRR have no impact on the desired signal component.

3.2 Output Error Due to Input Offset Voltage (V,o)

The output error due to the input offset voltage can be taken from Equation 14 and is given by:
Vio(by +b
Moo (Vo) = —ie 2)2
by + by, + a

7
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Substituting the expressions for b, and b, gives:
2V
MVop (Vio ) = ©
+ + =

3.3

3.4

Note that effects of finite common-mode rejection can increase or decrease the offset-induced output error
if the feedback paths are not balanced (e.g., B, # B,). If the feedback paths are balanced (R1=R3, R2=R4
— B, = B, = B) and the open-loop gain a >> 1, the output error due to the input offset voltage simplifies to:

_ Vo R1+R2
AVop (Vo jm 23 =Vio R1

R2=R4 B (19)

The ratio (R1+R2)/R1 is sometimes referred to as the noise gain [1].

Output Error Due to Bias Current (Ig)

An expression for the output error due to the input bias current | g is shown below, adapted from
Equation 14:

AV, (IIB) _ 2lg (b1REQ1 - bZREQZ)

2
(o, b8, + 2]

(20)
Substituting the expressions for b, and b, gives:

1
(REQ1 - REQZ) + 7(REQ1 + REQZ)
AVgp (llB) =2lg ?CMRR

6 +B)* sorr @ B

The parameters Rco; = R1 || R2 and Reo, = R3 || R4 represent the parallel resistances formed by the
gain-setting and feedback resistors. If the feedback paths are not symmetrical (e.g., B, # 3,), the output
error can increase or decrease, depending on the values for the associated resistors.

If the feedback paths are symmetric (R1=R3, R2=R4 — B, = 3, = B) and CMRR effects are negligible,
there is no bias-induced output error. If CMRR effects are not negligible, there is an output error term,
even if the feedback paths are symmetric. If the open-loop gain a >> 1, the output error caused by the
bias current is:

(1)

B1-BzII_B Reg .. R2

AVoo(le) = “ZovRr ~ '8 CMRR
ax© (22)

Which shows that for finite common-mode rejection, the bias current interacts with the feedback resistance
to produce an output error, even if the feedback paths are symmetric.

Output Error Due to Input Offset Current (1)

An expression for the output error due to the input offset current |5 is shown below, adapted from
Equation 14:

o (b1REQ1 + bZREQZ)

AVOD (|IO) -
[oorevm+ 2)

biBq +byBy + —
a (23)

Substituting the expressions for b, and b, gives:

1
(Reat * Reqz ) + m(REm - Regy)

(Br +B2) + ZU\LW(& - Bz)'*%

AVop (||o) =lo

(24)
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If the feedback paths are symmetric (R1=R3, R2=R4 — B, = 8, = B and Rgq;= Rego= Reo), the output error
due to the input offset current becomes independent of the CMRR and depends only on the offset current
flowing through the feedback resistor:

AVop (o) = loR2 (25)
3.5 Input and Output Common-Mode Mismatch (Vo View)
The contribution of mismatch between the input and output common-mode voltages to the output error is
given by:
2(V, -V bB, — b
AVop (Voem View ) = (Voo on )0, 2 oP)
(o8, +bp, + 2)
a (26)
Two specific cases are worth considering. First, if CMRR is ideal and the open-loop gain a >> 1, then the
output error reduces to:
CMRR = o
2(V, -V -
Moo (VoouViey) = oot o )G, - B.)
a>>1 B *B.) @27)
So if the CMRR is large and the feedback paths are symmetrical or the input and output common-mode
voltages are matched, there is no contribution to output error. A frequent application for FDAs is to provide
a common-mode level shift from input to output, such as when an FDA is used as a dc-coupled driver for
an analog-to-digital converter (ADC). Such an application precludes matched input and output
common-mode voltages (Voem # View)- IN such a case, the related output error may be made negligible by
selecting symmetric feedback paths (R1 = R3, R2 = R4).
Second, if the CMRR s finite, and the feedback paths are symmetric, the output error becomes dependent
solely on the mismatch of the common-mode voltages, and the common-mode rejection:
B = B2
V, - View)
AV V ,V = ( OoCM ICM
OD( OCM ICM) CMRR
a>>1 (28)
3.6 Input Common-Mode and Power Supply Rejection
Output error due to the incomplete rejection of the input common-mode voltage and to power supply
fluctuations is adapted from Equation 14:
View +2 AV
AVp (VigwAVs ) = CMRR PSI;{R
(08, +b, + 2]
@ (29)
If the feedback paths are symmetric and the open-loop gain a is large, the output error due to the
combined factor becomes:
B =B2
11V AV,
AVyy (Ve AV, = | M+ S
oo (View AVs ) B(CMRR PSRR]
a>>1 (30)
4 Numerical Examples
4.1 Validation of the Analytical Model
The general analysis was validated with TINA simulations using an idealized model of the differential
amplifier as shown in Figure 1. One of the test cases is included as an example. The total output offset
error shows precise agreement between the analytical model and TINA simulations.
SLVA417-May 2010 DC Output Errors in a Fully-Differential Amplifier 7
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4.2

" 900 0
1100 O
— Ve AMA—e yyy a=120dB
lllB'= -0.9 IJA CMRR =40dB
Vip/2 <+> G
VID = ZI";*\-[- VIN- VIO/2
/_ Vn
Vip = -1mV Vob = Vout+ = Vout-
\: Vp =0.83871V
0
Vo2
lig+ Vocm
Vs- 2.5V
\j =
R3 T _ R4
vy, 9000 | le= VA 4400 g
— s WV
Figure 3. Circuit for Example Calculation of Output Error
Table 1. Circuit and Device Parameters Shown in Figure 3
Device/Circuit value Derived/Calculated value
Parameters Parameters
Vip 1v
Viem 15V
Voew 25V le -1 pA
R1 1100 Q lo -0.2 pA
R2 900 Q b, 1.005
R3 900 Q b, 0.995
R4 1100 Q By 0.45
Vio -1mv B, 0.55
ligs 1.1 A Reos 495 Q
g -0.9 pA Reo2 495 Q
a 120 dB
CMRR 40 dB
Results:
Vop — model 0.83871V
Vop — TINA 0.83871V

Example with the THS4521

The THS4521 is a low-power FDA with a rail-to-rail output (RRO) and a negative rail input. The THS4522
and THS4524 are dual and quad versions of this device. The RRO feature, high dynamic range, and low
noise make the THS4521 an excellent driver amp for successive approximation register (SAR) and
delta-sigma A/D converters. The THS4521 can also serve as a low-power audio amplifier and has
excellent DC precision for a high-speed FDA. This subsection shows some example calculations based on
data sheet parameters of this device and on the application circuit shown in Figure 4. (Figure 68 from the

device data sheet).

DC Output Errors in a Fully-Differential Amplifier
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1 kQ

VIN+ VOUT—

2490
From =) ’—\AA/\—Q
; v . Voyr. TOAP
Angszer = ( IN.) Open l 249Q — out Analyzer
- i Open -
T 0.22 uF

1 kQ

Figure 4. Example Circuit From the THS4521 Data Sheet

Taking the DC parameters from the device data sheet (+25°C, max values) and assuming a worst-case

mismatch of the gain resistors (1% tolerance) results in the following parameters in Table 2. As the bottom
row of the table shows, the total output offset for the worst-case condition is approximately equal to

+0.4mV.

Table 2. Circuit and Model Parameters for the THS4521
Circuit Shown in Figure 4

Circuit and Device value Derived Model
Parameters Parameters
R1 (lower left) 990 Q B, = 0.495
Reqr = 499.95
R2 (lower right) 1010
R3 (upper left) 1010 B, = 0.505
Reqr = 499.95
R4 (upper right) 990
Vo 22 mV
lg +0.85 pA
lo 150 pA
a 116 dB
CMRR 100 dB b;,b, =1 +5x10°
PSRR 100 dB
Vs+ 5V
VCM 25V
Vin 1V
Viem 25V
Total Output Error +0.4mV

SLVA417-May 2010
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4.3 Summary

The desired output voltage as well as the error sources and their contribution to the output error are
summarized in the table below for the following circuit:

R2
R1 Vn
ViN- “>—*— Vour+
R3 VP a(f)
ViN+ + 59— Vour-
R4 Vocm
Quantity Symbol General Expression Asymptotic Form
Feedback factors B1,B> B, = R3/(R3 + R4), B, = R1/(R1 + R2)
Coefficients by,b, 1 1
b, =|1+=————| b,=|1-—~—
! ( ZCMRRJ 2 ( 2CMRR)
Equivalent resistances Reo1:Req2 Reor = R1 || R2, Reg, = R3 || R4
Applied input \Y Vv, +
common-mode ! Viem = ( - > Viv: )
Desired output Vob, pesired 1 1-
’ 2 - (B+By)- ZCMRR B - Bz) Vm[ B Bj
|
+
Output error due to input | AVp(Vio) 2V R1+ R2
offset voltage 1 VIO T
+ + =
Br +B2) * seymg B~ B2)
Output error due to input | AVgp(lig) 1 R2
i Reor — Regs J¥ === (Regq + lg =
bias currents ol ( EQ1 EQZ) ZCMRR( EQ1 REQz) 1B CMRR
1
+ —
(81 Bz) 2CMRR( Bz)
Output error due to input | AVgp(lio) 1 loR2
offset current I,o e I (REQ1 + REQZ) + M(RECH - REQZ) °
10
1
+ —
e O |AVeolVoeu=View | 2(Voom — Vlcn1/|)(b131 - bzﬁz)2 (Voc(n:nM—R R\)/ICM)
mismatch Vocy — Viem + + _ + <
B1*+B2) 7ZCMRR(B1 B2)
Output error due to input | AVop(Vicw) 2V /CMRR 1 Viem
common-mode Vcy 1 Em
+ -
B +82) *+ e (B — B )
Output error due to AV (AVs) 2AVg /PSRR 1 AVy
power supply variations 1 E PSRR
+ -
B +B2) *+ e (B — B2
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