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Interfacing op amps to high-speed DACs,
Part 2: Current-sourcing DACs

By Jim Karki
Member, Technical Staff, High-Performance Analog

Introduction

Most high-speed DACs are current-steering DACs that are
designed with complementary outputs that either source
or sink current. Part 1 (see Reference 1) of this three-part
article series discussed the interface between a current-
sinking DAC and an op amp. This article, Part 2, discusses
the interface between a current-sourcing DAC and an op
amp. This interface allows the designer to use the full
compliance voltage range of the DAC. Part 3, which will
appear in a future issue of the Analog Applications
Journal, will discuss interfacing a current-sourcing DAC
and an op amp by using the more popular configuration
that simply terminates to ground. This article series
focuses on using high-speed DACs in end equipment that
requires DC coupling, like signal generators with frequency
bandwidths of up to 100 MHz and a single-ended output.
In these cases, high-speed op amps can provide a good
solution for converting the complementary-current output
from a high-speed DAC to a voltage that can drive the
signal output.

It is assumed that the reader is familiar with the opera-
tion of complementary-current-steering DACs. If further
information is needed, please see Reference 1 for an over-
view. The design approach for Part 2 is the same as for
Part 1, except that a current-sourcing DAC was used to
derive the design equations instead of the current-sinking
DAC used in Part 1. Because of this, about half of the
equations are the same and about half are modified.

Architecture and compliance voltage of current-
sourcing DACs

Figure 11 shows a simplified example of a PMOS current
source and lists a few devices that use it. The compliance
voltage shown is the voltage range at the DAC outputs
within which a device will perform as specified. Higher
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Figure 11. Simplified PMOS current source
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Source | | DAC902, DAC2902,
Cascodes | | DAC5662, DAC5674
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Output
Compliance Voltage:

lou1 lou2 -1.0Vto+1.25V

voltages tend to shut down the outputs, and lower voltages
have the potential to cause breakdown. Both of these
should be avoided to provide the best performance and
long term-reliability.

Generally the output is terminated via some impedance
to ground. This impedance supplies a current path needed
for the array, and the voltage drop across the same imped-
ance can be used as a voltage output. The impedance can
be constructed in various ways; it can be a simple resistor
divider, a transformer-coupled impedance, or an active cir-
cuit like an op amp. This article focuses on the interface to
an op amp.
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Op amp interface

A proposed op amp interface is shown in
Figure 12. This circuit will provide biasing
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Figure 12. Proposed circuit for an op amp interface

of the DAC outputs, convert the DAC cur- I AVpp | L~ DAC Bias Network
rents to voltages, and provide a single- | : / VREF\ \4/
ended output voltage. The op amp is the pacsED ¢ | Voac+ y \ e Input Resistors
active amplifier element for the circuit and I I > Rx% 1 /R, N 2 ';‘f’g:)“::r:":)p“t
is configured as a difference amplifier. | f " —H
e Ipac, and I are the current outputs : : ZDZ':I R4 “
from the DAC. : AV : " I
® R, and Ry are input resistors to the posi- I D | = :
tive input of the op amp. I | ‘ IVDAC— I| VREr ',
® R; and Ry are the main gain-setting resis- | PACT I 3! RY% |
tors for the op amp. : : ‘
* Ry, R}, Ry, and R, provide bias and imped- : Current- |

ance termination for the DAC outputs. | S°[‘)‘;%“9 I

I I

® Vpacs and Vpaco are the voltages at the
outputs of the DAC.

Op Amp Gain Resistors

e V, and V, are the input terminals of the
op amp.
e Vg, and Vg_ are the power supplies to the op amp.

Proper component selection will provide the impedance
required to maintain voltage compliance with maximum
amplitude and balance for the best performance. The
analysis of this circuit follows from Part 1 with only minor
changes due to the change in polarity of the DAC current
(sourcing versus sinking) and the change in compliance
voltage range around ground instead of AVpp. The circuit
in Figure 12 enables the designer to use the maximum
compliance voltage range of the DAC.

The motivation for this interface design is to balance the
input voltages to the difference-amplifier circuit to sup-
press second-order harmonics, and little impact is expected
on third-order harmonics. Also, because it allows higher
voltage swings at the DAC output than simple termination
to ground, the gain of the op amp will be lower given the
same output-voltage requirement.

Analysis of positive side

Figure 13 shows the analysis circuit for the positive side.
The node equation at the Vo, output is the same as in
Part 1 but with a change in the polarity of Ipxc,:

VDAC+
Ry +Rg

VDAC+
Rl

Vbac+ — Vrer
Ry

“Ipac, =0 (20)

The equation for the DAC output impedance stays
the same:

To solve Equations 20 and 21, which are simultaneous
equations with more variables than equations, the designer
must choose or identify values based on other design
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criteria. The following assumptions are made in this article:

1. The DAC output current, Ip,c,, and the voltage swing,
Vbacs, are defined by the designer to set a target value
for Zpacs-

2. An existing circuit voltage or other known voltage is
used for Vipp.

3. In a difference amplifier, Ry/Ry needs to equal Rp/Rg to
balance the gain of the amplifier.*

4. The equations will be solved for the condition where the
DAC current on the positive side is zero (Ipsg, = 0 mA).
This in turn will set the DAC voltage on the positive side
to its minimum value, Vpac, = Vpacs (miny- Note that
this value is different from that of the current-sinking
DAC in Part 1, where setting Ip,c, = 0 mA led to

VDAC+ = VDAC+(max)'

*Note that in a voltage-feedback op amp, it is desirable to make the imped-
ance at V,, equal to that at V,, in order to cancel voltage offset caused by the
input bias current. In a current-feedback op amp, the input bias currents are
not correlated; so it is acceptable not to balance these impedances, but it
may be desirable to minimize them.

Figure 13. Positive side of analysis circuit

AVbp  Zpace VRer
Ipac R
OV X R, 1=0
V,
p
Vbac+
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With these constraints, algebra and simultaneous-equation
techniques can be applied to Equations 20 and 21 to solve
for 1/R;:

1 1 1
= — 22
R 1 RiR, %P
1 L4 2+R3
Zpacs VREF 4
VDAC+(min)

The known value for R; can be substituted into Equation

21, which can then be rearranged to find 1/Rx. The result

is exactly the same as in Part 1:
L 11
Rx  Zpac+ Ri Ro+Rj

(23)

Analysis of negative side

Figure 14 shows the analysis circuit for the negative side.
The node equation at the Vp,_ output is the same as in
Part 1 except for the DAC current’s change in polarity:

V; -V \% \% -V
DAC- REF DAC- DAC- n _ IDAC— -0 (24)
Ry Ry Rg +Rg
The equation for the DAC output impedance stays
the same:
Vpac—
Zoac- =1 (25)
DAC-
With substitution and rearrangement,
V. =V By
= X—"
p DAC+ R2 + R’S )
and V,, = oV}, can be used to rewrite Equation 25 as
1 1 1 1 1
= X[ —+—+—1.(26)
Zpac- 7 o Rg Ry Ry Rg
, DAC+ Rz + RS
_ R

Using the same substitutions and general design con-
straints used on the positive side to drive values for Zpac_,
Vrer, and R, simultaneous-equation techniques can be
applied to Equations 24 and 26 to solve for 1/R, (Equation
27 below). Note that the equations are solved for the con-
dition where the DAC current on the negative side is zero:
Ipac— = 0 mA. This sets the DAC voltage on the negative
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Figure 14. Negative side of analysis circuit

AVpp VRer
Zoac-
: V,
Ipac- : R 3
v ; v R l Re
: VWA VWA/—Vour
Vbac- .

side to its minimum value, Vpac_ = Vpac_(min), and sets
the DAC voltage on the positive side to its maximum
value, Vpacy = Vpacs(max)- 1he value of 1/R, can then be
used to find 1/Ry:

R3
VA o =—————
) DAC+ X (RZ + RS )

1 Rg L
Ry Zpac- R, Rg
Note that o, the multiplication factor from V,, to V,, in

essence expresses the difference between the input pins.
In a voltage-feedback amplifier, o is set by the loop gain of
the amplifier. In a current-feedback amplifier, o is the gain
of the input buffer between the inputs. All that aside, o is

typically close enough to 1 that it can simply be removed
from the calculation.

Calculating output voltage

Superposition can be used to write equations for the sepa-
rate terms referred to Vy;p. These equations are the same
as those in Part 1. The difference is that now the DAC only
sources current, which is by convention positive current
flow, making the direction of the op amp’s output-voltage
swing match that of the DAC. In other words, when the
DAC is sourcing current on the positive side, the output of
the op amp tends to swing positive, and when the DAC is
sourcing current on the negative side, the output of the
op amp tends to swing negative. This means that in the
following equations, Ipyc, and Ip,_ are always positive

OT Zero.

(28)

27)

Zpac+ X 0‘( % J R
1 275 ) | Voacsman X% 52 |- Voac-quin)
G 1|l —
+
1 Zpac- VREF ~ VDAC-(min) Rg
R, VDAC—(min)

VREF — VDAC-(min)
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The output-referred DC bias from the positive side is

Rp
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Y =1+ 5—= 5 [¥| VrEF X
OUT _V,pey [ RG+RY||R4JX|:REF RI(R2+R3)

The output-referred DAC signal from the positive side is

Rp

RiRg
+Rx (R;+Ry+R3) |

v =\ +s—— 5 [ X! x
OUT _V,(pac) ( Rg +Ry I|R4] {DAC+ RXR1+(

The output-referred DC bias from the negative side is

V, =—| Vpep X Ry X Br
OUT Vawey ™ | "REF®Ry 4R, "Rg +Ry IRy |

The output-referred DAC signal from the negative side is

\ I RyfsRp
=— X .
OUT Vuwao) = | "PAC=TRIR, +RGRy +RyRq

Adding these four equations provides an expression for Vyp:

Vour = VYour_v, e, T VoUT _V, ey T VOUT_V, o) T

VOUT —VI\(DAC)

RxRiRs ]
R +Rx)(Ry+Rg) |

(29)

If it is assumed that IDAC = IDAC+ — IDAC—7 7 = ZDAC+ =

Zpac—, and Rp/Rg = Rg/Ry, the DC component of the DAC

outputs will cancel and the AC signal’s gain equation from

the DAC output current to the voltage output of the op

amp can be simplified and written as
Yout _ gz, Re.

Ipac Rg

(30)

Design example and simulation

For an example of how to proceed with the design, assume
that the PMOS DAC noted earlier, with a compliance volt-
age ranging from —1.0 V to +1.25 'V, is being used. Also
assume that the full compliance voltage range will be used
to maximize the DAC output voltage, which in turn will
minimize the gain required from the op amp and will
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require Vygp to be a negative voltage. The DAC full-scale
output is set to 20 mA. To get a 5-Vpp, DC-coupled single-
ended output signal, the circuit shown in Figure 12 can be
used. Since a =£5-V power supply is being used for the op
amp, it is convenient to make Viypp = -5 V. Given that
Ipace = 20 mA and Ve, = 2.25 Vpp, the target impedance,
Zpacs, can be calculated to equal 112.5 Q.

With the starting design constraints given earlier, the
Texas Instruments THS3095 current-feedback op amp is
selected as the amplifier, where Rg = Ry = 760 Q. The gain
from Vpae. to the output is given by the resistor ratios
Rp/Rg = Re/Rs, so Ry can be calculated as

Vi 2(2.25V
Rg = Ry = Rp x~PACE _ 750 O ( )
Vour 5V

The nearest standard 1% value, 681 Q, should be used.

=675 Q.
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Equations 22, 23, 27, and 28 can be used to find, respectively, R;, Ry, R4, and Ry:

R, = ! = ! =155.95Q
= 1 1 1 Bt
1 R, +R; 1 681 Q+750 Q
Zpncs | 14— 11250 Q1+ —
_ VREF SV,
VDAC+(min) -1V
Ry = 1 - 1 —562.5Q
1 1 1 T 11
Zoac. Ry Ry+Ry 1125Q 15695Q 681 Q+750 Q
VDAC-(min)
R = VREF ~ VDAC-(min)
.=
Zpac+ X0 ———
fetls ) 1y xaf 18|y,
1-— R, ) DAC+(max) R, + Ry DAC—(min) ! 1
Zpac- VREF ~ VDAC-(min) Rg
;VVH
- —— —o V+1 ~206.84 Q
1125 QxIx—-—2"
1— 681 Q+750 Q 1.95 Vx1x 750 Q
681 Q + 681 Q+750 Q _1 1
1125 Q -5V+1V 681 Q
Ry = ! = — Ql ~550.58 Q
Ry e
ZDAC+X0°(R+R} 1_112’5 XX e Q4750 ©
1- 2 631 Q (o1
Rg (.t 1125 Q 20684 Q ' 681 Q
Zpac- Ry Rg

The nearest standard 1% values should be used:

R; =154 Q, Ry = 562 Q, R, = 205 Q, and Ry = 549 Q.
These equations are easily solved when set up in a

spreadsheet. To see an example Excel® worksheet, go to

the WinZip® directory online (or click Save to download
the WinZip file for offline use). Then open the file DAC_
Source_to_Op_Amp_Wksht.xls and select the “DAC
Source to Op Amp, No Filter” worksheet tab.
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SPICE simulation is a great way to validate the design.
To see a TINA-TI™ simulation of the circuit in this exam-

to view the WinZip directory online (or click Save to
download the WinZip file for offline use). If you have the
TINA-TI software installed, you can open the file DAC_
Source_to_Op_Amp_No_Filter.TSC to view the example.
To download and install the free TINA-TI software, visit
www.ti.com/tina-ti and click the Download button.
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Figure 15. Simulation of current-sourcing DAC interfaced to op amp
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[ DAC Current Source Ideal Mode! |
I1S110m
VCCS1 1
s 1 l IDAC LDéC-
>< gé : Rg 681 Rf 750
- Y ¥
A
VeVt 10m § Ry 549 Ideal Op Amp
(-/i +>< <E AVDD33 Vout
VG1 n
- 1] VC\:SIB 1G : VO(UT
I’ X
15210 UGS 1 C RL 100
VCCS2 1 e =
1 — § Rx 562 R1 154
__>,< 1 l m R2 681 R3 750 -
- AN AN
U VDAC+ =
_(
0
IDAC+ _ /
The simulation circuit and waveforms in Figure 15 show (mA) ] L )
that the circuit simulates as expected. Ipyc, and Ipsc_ are _28
the DAC currents, Vp,c, and Vp,o_ are the voltages devel- bac. | ~ ~
oped at the DAC outputs, and Vyyp is the output of the (mA) _.\
amplifier. The current-sourcing DAC and op amp are ideal —20
elements constructed with SPICE macros and are intended Vn:\.czf ] Y
to show that the equations derived earlier for Ry, Ry, Ry, (V) '_\
and Ry are valid for ideal elements. Actual performance —0-1923
will vary depending on selected devices. V?\‘,‘;’" ; /
DAC image-filter considerations —0.998 _ N~
Part 1 discussed the need for filtering to reduce the ampli- 2.46 PN
tude of the DAC sampling images and recommended filter- V(<\JIU)T -
ing directly at the DAC output before the op amp to achieve —2.46 \
the best performance. The situation is the same here. As 0 15 30
mentioned in Part 1, it is usually much easier to find stan- Time (ps)
dard component values to implement the filter when the
input and output impedances to the filter are balanced.
High-Performance Analog Products www.ti.com/aaj 40 2009 Analog Applications Journal
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Figure 16. Inserting DAC image filter
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|
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[

Figure 16 shows the proposed circuit implementation

1 1 1
where Ry, Ry, Ry, and Ry have been replaced with prime i - (32)
i . . . 1 1 Rz + R3
and double-prime components on either side of the filter, 2Zpacs | 1+
so that VREF 1
Ry =Rj IR, VDAC+(min)
Ry = R Il R,
R, = R Il R}, and , ! )
Ry =Ry Il RY. =57 T (33)
At the same time, the impedance seen on each terminal of X DAC+ ™M
the filter is 2 x Zpac.. By use of algebra, the following
equations can be derived: 11 1 1 (34)
Rx  2Zpacy R[ Ryp+Rg
1 1
== 1)
i 27 1+ -
DAC+ VREF 1 ZDAC ol RS
— LXOUf o
VDAC+(min) X Ry +R3
Rg
1 2Zpac—
1 DAC (35)
Ry VDAC-(min)
+1
VREF ~ VDAC- (min)
V/ Rs
xo| ——2—
DAC+ RZ +R3 v RS v
_ xof —=>— |- P
1 Rg DAC+(max) R, +Ry DAC—(min) 1 1
+ — [
1 2Zpac- VREF ~ VDAC (min) Rg
= (36)
R} VbAc-(min)

VREF ~ VDAC-(min)
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Y/ xor| ——3
o
DAC+ R2 + R3

1, :1_ Rg B 1, -
Ry 2Zpac- Ry
ZDAC+Xa[R8]
Ry +Rg
1” :1— Rg _( 1”+L] (38
Ry 2Zpac- Ry Rg

These equations are easily solved when set up in a
spreadsheet. To see an example Excel worksheet, go to

the WinZip directory online (or click Save to download the
WinZip file for offline use). Then open the file DAC_
Source_to_Op_Amp_Wksht.xls and select the “DAC
Source to Op Amp, Filtered” worksheet tab.

The performance is similar to that shown in the SPICE
simulation for Part 1 (Reference 1). Please refer to that
simulation to see the effects of balancing and matching
the filter impedance versus using a filter with unmatched
impedance.

Conclusion

This article has shown a circuit implementation using a
single-stage op amp to convert complementary-current
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outputs from a current-sourcing DAC to a single-ended
voltage. Equations were derived and a methodology pre-
sented for proper selection of component values to set
the DAC’s output-voltage compliance while maintaining
balanced input signals to the op amp for best overall per-
formance. Filter-design considerations were also included
to explain proper insertion when filtering before the
amplifier is desired.
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; Q1. intended to qualify for the safe harbor from liability established by the Private Securities
Domestic . _0]2_0_ ?1_ ??616 Litigation Reform Act of 1995. These forward-looking statements generally can be identified
Internet/Email  International Esu_pport.ti.com/sc/pic/j_agan.htm' by phrases such as Tl or its management “believes,” “expects,” “anticipates,” “foresees,”
) N Y e Rl “forecasts,” “estimates” or other words or phrases of similar import. Similarly, such
Domestic fwww.1if.co.jp/pio statements herein that describe the company's products, business strategy, outlook,

objectives, plans, intentions or goals also are forward-looking statements. All such forward-
looking statements are subject to certain risks and uncertainties that could cause actual
results to differ materially from those in forward-looking statements. Please refer to Tl's
most recent Form 10-K for more information on the risks and uncertainties that could
materially affect future results of operations. We disclaim any intention or obligation to
update any forward-looking statements as a result of developments occurring after the date

of this publication.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's standard
warranty. Testing and other quality control techniques are used to the extent Tl deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any TI patent right, copyright, mask work right,
or other Tl intellectual property right relating to any combination, machine, or process in which Tl products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from TI to use such products or services or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that product or service voids all
express and any implied warranties for the associated TI product or service and is an unfair and deceptive business practice. Tl is not
responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Amplifiers pmplifier.ti.com Audio [vww.1r.com/audid

Data Converters Automotive [vww Tr.com/automofiv
DLP® Products [vww .dIp.comn] Broadband [pww i.com/broadband
DSP Fspicom Digital Control [pww ir-com/digitalcontrol
Clocks and Timers [yww Ti.com/cloc Medical [pww Ti.com/medical
Interface [nferfacedico Military [pww ir-com/military
Logic [oaicTiconi Optical Networking [xww Ti.com/opficalnetwor
Power Mgmt powerfr.com Security vww Tr.com/securt
Microcontrollers nicrocontroller.fi.conj Telephony lvww.tr.com/telephony
RFID [wWwiiirfid-co Video & Imaging [pww i-com/vided

RF/IF and ZigBee® Solutions | {r.com/prl Wireless [vww fi.com/wirelesy
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