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7TH FLOOR A DAC stage having a ground offset switch driver control 
signal generator, provides greater linearity by preventing 
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LOS AN GELE S’ CA 9 0 02 5 rail to rail voltage swings of the switch driver signals. 

In one embodiment of the present invention, a pair of 
( * ) Notice: This is a publication of a continued pros- inverting logic gates, coupled between a power rail and a 

ecution application (CPA) ?led under 37 node positively offset from ground, are used to drive the 
CFR 1.53(d). current switches in a DAC stage. 
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METHOD AND APPARATUS FOR INCREASING 
LINEARITY AND REDUCING NOISE COUPLING 

IN A DIGITAL TO ANALOG CONVERTER 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates generally to digital 
to-analog converter (DAC) circuits, and more particularly to 
DAC circuits for improved current sWitch linearity. 

[0003] 2. Background 
[0004] Recent advances in semiconductor manufacturing 
technology and computer architecture have combined to 
provide relatively loW-cost computer platforms having suf 
?cient computational poWer to enable visual computing. In 
addition to being computationally robust, a visual comput 
ing platform must also have a high performance graphics 
subsystem, Which typically includes a DAC. 

[0005] DACs of the type commonly used for driving video 
and graphics display devices are called current mode DACs. 
Current mode DACs are made up of many current sources 
(e.g., 255 in an 8-bit linearly Weighted DAC), each current 
source representing one or more least signi?cant bits (LSB) 
of the DAC output. The currents are steered to either the 
output or to another node, typically ground, depending on 
the digital input code presented to the DAC for conversion. 
As shoWn in FIG. 1, the currents are summed and then 
converted to an output voltage by a resistor (RLOAD) con 
nected from the output pad to ground. An important aspect 
of a DAC is the linearity achieved in the DAC output as the 
input codes to the DAC are changed. 

[0006] Many DACs are implemented using Complemen 
tary Metal Oxide Semiconductor (CMOS) processes. CMOS 
processes make both n-channel ?eld effect transistors 
(NFETs) and p-channel ?eld effect transistors (PFETs) avail 
able to circuit designers. As is Well knoWn, FETs have 
various operating regions, for eXample unsaturated and 
saturated, Wherein the current that ?oWs betWeen the source 
and drain of a FET may be either strongly related to the 
drain-to-source voltage, or Weakly related to (or even inde 
pendent of) the drain-to-source voltage. In designing circuits 
having linear characteristics, it is less dif?cult to achieve the 
desired signal processing goal by operating FETs in the 
saturated region of operation Where the current ?oWing 
betWeen the source and drain is substantially a function of 
the applied gate-to-source voltage (Vgs). 
[0007] As the physical dimensions of transistors continue 
to shrink With more advanced semiconductor manufacturing 
techniques, circuit designers have been constrained to cir 
cuits that require loWer and loWer operating voltages. 
[0008] The reduction of operating voltages makes it 
increasingly dif?cult to maintain the current sWitches in a 
DAC in the saturated region of operation. 
[0009] What is needed is a method and apparatus for 
providing improved linearity to CMOS DAC circuits oper 
ated at supply voltages that are loW compared to the drain 
to-source voltages required for FETs to operate in the 
saturated region. 

SUMMARY OF THE INVENTION 

[0010] Brie?y, a DAC stage having a ground offset sWitch 
driver control signal generator, provides greater linearity by 
preventing rail-to-rail voltage sWings of the sWitch driver 
signals. 
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[0011] In one embodiment of the present invention, a pair 
of inverting logic gates, coupled betWeen a poWer rail and a 
node positively offset from ground, are used to drive the 
current sWitches in a DAC stage. 

[0012] Various other features and advantages of the 
present invention Will be apparent from the accompanying 
draWings and from the detailed description that folloWs 
beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a block diagram of a basic DAC archi 
tecture. 

[0014] FIG. 2 is a schematic diagram of a DAC stage 
suitable for use in a graphics application. 

[0015] FIG. 3 is a schematic diagram of a DAC stage With 
ground offset sWitch drivers in accordance With the present 
invention. 

[0016] FIG. 4(a) shoWs a schematic symbol of an inverter 
including the poWer supply connection terminals. 

[0017] FIG. 4(b) is a transistor level schematic of the 
symbol of FIG. 4(a). 

[0018] FIG. 4(c) shoWs a schematic symbol of an inverter 
including the poWer supply connections to poWer and 
ground nodes. 

[0019] FIG. 4(LD is a transistor level schematic of the 
symbol of FIG. 4(c). 

[0020] FIG. 4(e) shoWs a schematic symbol of an inverter 
including the poWer supply connections to poWer and 
ground offset voltage nodes. 

[0021] FIG. 4(}‘) is a transistor level schematic of the 
symbol of FIG. 4(6). 

[0022] FIG. 5(a) is a schematic of one implementation of 
a loW impedance ground offset voltage generator. 

[0023] FIG. 5(b) is a schematic of another implementation 
of a loW impedance ground offset voltage generator. 

[0024] While the invention is susceptible to various modi 
?cations and alternative forms, speci?c embodiments 
thereof have been shoWn by Way of eXample in the draWings 
and are herein described in detail. It should be understood 
hoWever, that the description herein of speci?c embodiments 
is not intended to limit the invention to the particular forms 
disclosed, but on the contrary, the intention is cover all 
modi?cations, equivalents, and alternatives falling Within 
the spirit and scope of the invention as de?ned by the 
Claims. 

DETAILED DESCRIPTION 

[0025] Illustrative embodiments of the present invention 
are described beloW. In the interest of clarity, not all aspects 
of an actual implementation are described in this speci?ca 
tion. It Will of course be appreciated that in the development 
of any such actual embodiment, numerous implementation 
speci?c decisions must be made to achieve the developer’s 
speci?c goals, such as compliance With system-related, and 
business-related constraints, Which Will vary from one 
implementation to another. Moreover, it Will be appreciated 
that such a development effort might be complex and 
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time-consuming, but Would nevertheless be a routine under 
taking for those of ordinary skill in the art having the bene?t 
of this disclosure. 

Terminology 

[0026] The terms, chip, integrated circuit, monolithic 
device, semiconductor device, and microelectronic device, 
are often used interchangeably in this ?eld. The present 
invention is applicable to all the above as they are generally 
understood in the ?eld. 

[0027] The terms metal line, trace, Wire, conductor, signal 
path and signaling medium are all related. The related terms 
listed above, are generally interchangeable, and appear in 
order from speci?c to general. In this ?eld, metal lines are 
sometimes referred to as traces, Wires, lines, interconnect or 
simply metal. Metal lines, generally aluminum or an 
alloy of Al and copper (Cu), are conductors that provide 
signal paths for coupling or interconnecting, electrical cir 
cuitry. Conductors other than metal are available in micro 
electronic devices. Materials such as doped polysilicon, 
doped single-crystal silicon (often referred to simply as 
diffusion, regardless of Whether such doping is achieved by 
thermal diffusion or ion implantation), titanium (Ti), molyb 
denum (Mo), and refractory metal silicides are examples of 
other conductors. 

[0028] The term “gate” is context sensitive and can be 
used in tWo Ways When describing integrated circuits. As 
used herein, gate refers to a circuit for realiZing an arbitrary 
logical function When used in the context of a logic gate. 
Gate refers to the insulated gate terminal of a three terminal 
FET When used in the context of transistor circuit con?gu 
ration. Although a PET can be vieWed as a four terminal 
device When the semiconductor substrate is considered, for 
the purpose of describing illustrative embodiments of the 
present invention, the FET Will be described using the 
traditional gate-drain-source, three terminal model. 

[0029] Vcc and Vdd are terms often employed in this ?eld 
to refer to a both positive poWer supply voltage, and a 
positive poWer supply node, depending on the context of its 
usage. Such usage is Well understood by those of ordinary 
skill in this ?eld. 

[0030] Vss is a term often employed in this ?eld to refer 
to ground. As used herein, ground refers to the loWest 
potential poWer supply node. All voltages referred to herein 
are measured With reference to ground. 

[0031] The con?guration and operation of a current mode 
DAC are described With reference to FIG. 2, Which is a 
schematic of a typical D/A stage 200 used in a DAC. Several 
such stages are coupled in parallel to an output node 202. 
Such an output node is typically connected to a chip output 
terminal such as an output pad 203. The several D/A stages 
coupled in parallel are sometimes referred to as a DAC 
channel. Each D/A stage 200 contributes a portion of the 
total output current, using binary Weighting, linear Weight 
ing, or a combination of binary and linear Weighting 
betWeen the D/A stages. The output current is converted to 
a voltage by a resistor 204 connected betWeen output node 
203 and ground. 

[0032] Still referring to the circuit shoWn in FIG. 2, it can 
be seen that an input data signal 206 is synchroniZed to a 
clock signal 208 to reduce timing skeW betWeen D/A stages 
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200 in a channel. An output terminal 210 of a data latch 212 
is coupled to a pair of sWitch drivers 214, 216. SWitch 
drivers 214, 216 generate complementary sWitch control 
signals SW 215 and SWB 217. 

[0033] A pair of current sWitch transistors 218, 220 Work 
in opposing phase to either direct the current from a current 
source, PFET 222 in this example, to output pad 203 or to 
ground. SWitching the current in this fashion tends to reduce 
the current ?uctuations through PFET 222. Additionally, 
sWitching the current in this fashion tends to reduce charge 
sharing glitches that result in non-ideal output Waveforms. 

[0034] The amount of current from PFET 222 is controlled 
by the signal Iset, and the effective siZe of PFET 222. 

[0035] Ignoring second order effects and assuming the 
voltage at pad 203 is near ground (i.e., PFETs 218, 220 in 
saturation), node 224 remains at the same level regardless of 
Which of SW 215 or SWB 217 is active. This means that the 
voltage across current source PFET 222 is also constant 
Which alloWs the current from the current source to be 
constant. The voltage on node 224 is the gate to source 
voltage (Vgs) of PFET 218 or PFET 220, depending on 
Which sWitch control signal is at ground. The threshold 
voltage of sWitch transistors 218, 220 is increased by body 
effect. In typical operation, node 224 typically has a voltage 
of approximately 1.0 volt. 

[0036] HoWever as the voltage at pad 203 rises, the 
voltage across PFET 218 drops. When the voltage is small 
enough, the PFET 218 drops out of saturation and the 
voltage on node 224 Will rise With the voltage at pad 203. 
This changes the voltage across the current source and, 
consequently the current through PFET 222 starts to fall off. 
This knee in the current curve often happens before the 
output gets to full scale, and results in an undesired non 
linearity in the DAC output signal. 

[0037] As mentioned above, supply voltages are being 
reduced in neW designs making it difficult and costly to 
include additional transistors to cascode the current sources. 
So the current sWitches are serving this function. HoWever, 
the thresholds on the current sWitches are loW enough that 
the sWitches do not remain in their saturated state for the 
entire output voltage range (e.g., 0.0 to 1.0 volts). When the 
sWitches come out of saturation the linearity of the DAC is 
compromised. Embodiments of the present invention alloW 
the current sWitches to remain saturated Without losing the 
voltage headroom and the layout space of another series 
(cascode) transistor. 

[0038] Additionally, a typical sWitch driver output sWings 
from rail to rail. The sWitch transitions couple noise into the 
output signal by virtue of the parasitic capacitors inherent in 
the gate, source and drain structure of a PET. Reducing the 
voltage sWing of the sWitch driver output signal reduces the 
coupled noise. When a conventional sWitch driver output is 
loW, the noise reference is from ground. Embodiments of the 
invention alloW the noise from the sWitch driver to be 
associated With the Vcc node. This is the same node that 
forms the bulk node of the PFET current sWitch transistor 
and the node to Which the current source gate voltage is 
referenced. This makes any coupled noise common mode 
and reduces noise coupled to the output. 

[0039] Linearity can be improved if the current sWitch can 
remain in saturation for the entire output voltage range. In 
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the embodiment illustrated in FIG. 3, current switches are 
implemented as PFETs 404, 406. This requires node 403 to 
operate at a higher voltage to give the output more head 
room. The voltage level of node 403 is set by the gate 
voltage of either PFET 404, 406. In order to raise the 
minimum voltage on node 403 the gate voltages of PFET 
404, 406 have to be raised. This is accomplished by limiting 
the sWing of the sWitch driver outputs and not alloWing them 
to sWing all the Way to ground. The added offset from 
ground Will raise the voltage on node 403 by a like amount. 

[0040] Typically, the ground offset voltage is not large, 
and values of approximately 0.5 volts are suf?cient for the 
illustrated embodiment. Those skilled in the art Will recog 
niZe that there are many suitable Ways to generate such an 
offset voltage. For example, a loW impedance source can be 
developed on chip to replace the ground connection of the 
sWitch drivers. This voltage could come from a tap from a 
voltage source through a buffer (either a voltage reference 
source used to set the current source levels or the supply 
voltage itself) or by using a biased diode such as a p+ 
junction in a grounded n-Well (see FIG. 5(a)). Alternatively, 
the offset voltage can be developed by ratioed, simulta 
neously conducting transistors (see FIG. 5(b)). This method 
is a bit more dif?cult to control, and uses more poWer. 
Whatever method for generating an offset voltage is 
selected, the offsets should be matched for a given set of 
sWitch drivers to keep node 403 at substantially the same 
voltage With either sWitch driver active. 

[0041] An alternative is to regulate the sWitch voltage With 
respect Vcc. The sWitch voltage has to Work Well for all 
poWer supply voltages. The advantage is that the noise 
reference is noW With respect to Vcc, the same reference as 
for the ISET control voltage and the bulk node of the PFET 
current source and PFET current sWitch transistors. 

[0042] A compromise solution is use a Vcc to ground 
divider to set the offset voltage about 0.5 volts from ground 
and then bypass the offset voltage With respect to Vcc to get 
the proper noise reference. 

[0043] FIG. 3 shoWs a loW impedance ground offset 
reference 430 that uses a resistor divider 416, 418 to set the 
output of a buffer 414 to about 0.5 volts, and uses bypass 
capacitors 420, 422 connected to Vcc to set the noise 
reference. The buffer output voltage replaces the Vss supply 
connection in sWitch drivers 408, 410. Other methods can be 
used to set the offset voltage as long as the bypassing is 
added to Vcc in order to properly reference the noise. 

[0044] FIGS. 4(a)-4(}‘) shoW various inverter con?gura 
tions to help illustrate the implementations of ground offset 
sWitch drivers in accordance With the present invention. 
More particularly, FIG. 4(a) shoWs a symbol for an inverter 
including the positive and negative poWer supply connection 
terminals. The inverter shoWn in FIG. 4(a) can be used to as 
a ground offset current sWitch driver in accordance With the 
present invention When the negative poWer supply connec 
tion terminal is coupled to a loW impedance ground offset 
voltage generator. It Will be appreciated by those skilled in 
the art having the bene?t of the teachings herein, that various 
other circuits or logic gates can be used to implement the 
ground offset current sWitch drivers. For example, NOR 
gates could be used in place of the inverter con?gurations 
shoWn. 

[0045] FIG. 4(b) shoWs a transistor level schematic of the 
inverter shoWn symbolically in FIG. 4(a). FIGS. 4(c) and 
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4(LD shoW a conventional inverter con?guration With direct 
poWer and ground connections. 

[0046] FIGS. 4(c) and 4(}‘) show a ground offset current 
sWitch driver, both symbolically and at the transistor level. 
In this con?guration the negative poWer supply connection 
terminal is coupled to a loW impedance ground offset voltage 
generator. 

[0047] FIGS. 5(a)-(b) shoW alternative implementations 
of loW impedance ground offset voltage generators. More 
particularly, FIG. 5(a) shoWs a diode as a loW impedance 
ground offset circuit. FIG. 5(b) shoWs a pair of ratioed 
transistors, coupled in series betWeen poWer and ground 
nodes, con?gured to provide a loW impedance path to 
ground but With a voltage that is offset from ground. The 
magnitude of the ground offset, as is Well understood in this 
?eld, Will be a function of the transistor siZes and particular 
characteristics of the semiconductor process in Which the 
circuit is implemented. It Will be appreciated by those skilled 
in the art having the bene?t of the teachings herein, that 
various other implementations of loW impedance ground 
offset generator circuits are possible. 

Conclusion 

[0048] The present invention provides a method and appa 
ratus for increasing the linear range of the output signal of 
digital to analog converters. By limiting the voltage sWing at 
the current sWitch inputs, the present invention alloWs FET 
current sWitches to remain in saturation and thereby provide 
the substantially constant current ?oW necessary for linear 
operation of the DAC. 

[0049] An advantage of embodiments of the present 
invention is improved linear range for DACs implemented 
on loW voltage CMOS processes. 

[0050] Afurther advantage of embodiments of the present 
invention is reduced clock noise feedthrough to the output of 
a DAC. 

[0051] A still further advantage of embodiments of the 
present invention is that noise coupling sources Within the 
current sWitch of the DAC are made common-mode. 

[0052] The particular embodiments disclosed above are 
illustrative only, as the invention may be modi?ed and 
practiced in different but equivalent manners apparent to 
those skilled in the art having the bene?t of the teachings 
herein. Furthermore, no limitations are intended to the 
details of the construction or design herein shoWn, other than 
as described in the Claims. It Will be readily understood by 
those skilled in the art that various other changes in the 
details, materials, and arrangements of the parts and steps 
Which have been described and illustrated in order to explain 
the nature of this invention may be made Without departing 
from the principles and scope of the invention as expressed 
in the subjoined Claims. 

What is claimed is: 
1. A circuit comprising: 

a current source having a current output terminal; 

a current sWitch having a current input terminal coupled 
to the current output terminal of the current source, and 
further having at least tWo control input terminals; and 
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a ground offset switch driver signal generator coupled to 
the at least tWo control input terminals. 

2. The circuit of claim 1, Wherein the current source 
comprises at least one ?eld effect transistor. 

3. The circuit of claim 1, Wherein the current source 
comprises a PFET. 

4. The circuit of claim 1, Wherein the current sWitch 
comprises: 

a ?rst ?eld effect transistor coupled betWeen the current 
output terminal of the current source and a ?rst current 
sink; and 

a second ?eld effect transistor coupled betWeen the cur 
rent output terminal of the current source and a second 
current sink. 

5. The circuit of claim 4, Wherein the ?rst ?eld effect 
transistor is a PFET and the second ?eld effect transistor is 
a PFET. 

6. The circuit of claim 4, Wherein the ?rst current sink is 
ground. 

7. The circuit of claim 1, Wherein the ground offset sWitch 
driver signal generator comprises at least one inverting logic 
gate having an input terminal, an output terminal, a positive 
poWer supply connection terminal and a negative poWer 
supply connection terminal. 

8. The circuit of claim 7, further comprising a ground 
offset voltage generator coupled to the negative poWer 
supply connection terminal of the ground offset sWitch 
driver signal generator. 

9. The circuit of claim 7, Wherein the inverting logic gate 
is an inverter. 

10. The circuit of claim 8, Wherein the ground offset 
voltage generator comprises a diode. 

11. The circuit of claim 8, Wherein the ground offset 
voltage generator comprises a pair of ratioed transistors, 
coupled in series betWeen a positive poWer supply node and 
a ground node. 

12. The circuit of claim 8, Wherein the ground offset 
voltage generator comprises a voltage divider having an 
output terminal coupled to an input terminal of a buffer; 

a ?rst bypass capacitor coupled betWeen the positive 
voltage supply node and the buffer input terminal; and 
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a second bypass capacitor coupled betWeen the positive 
voltage supply node and an output terminal of the 
buffer. 

13. A digital to analog converter comprising: 

an output node; and 

a plurality of digital-to-analog (D/A) stages, each D/A 
stage having a current output terminal coupled to the 
output node; 

Wherein at least one D/A stage comprises: 

a current source having a current output terminal; 

a current sWitch having a current input terminal 
coupled to the current output terminal of the current 
source, a current output terminal coupled to current 
output terminal of the D/A stage, and further having 
at least tWo control input terminals; and 

a ground offset sWitch driver signal generator coupled 
to the at least tWo control input terminals. 

14. The digital to analog converter of claim 13 Wherein 
the ground offset sWitch driver signal generator comprises at 
least one inverting logic gate having an input terminal, an 
output terminal, a positive poWer supply connection termi 
nal and a negative poWer supply connection terminal. 

15. The digital to analog converter of claim 13, further 
comprising a ground offset voltage generator coupled to the 
negative poWer supply connection terminal of the ground 
offset sWitch driver signal generator. 

16. A method of operating current sWitches in a DAC 
comprising: 

providing a current source; 

providing at least a pair of current sWitches coupled to the 
current source; 

generating a low impedance ground offset voltage source; 

operating current sWitch control circuits coupled to the 
current sWitches and the low impedance ground offset 
voltage source. 


