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Introduction 
 
 This paper describes a high relatively high performance DAC designed in the RIT 2um process.  
The DAC is a traditional fully segmented architecture.  It has 6 bits of resolution and operates at up to 
20MHz at an operating voltage of 5V.  The following are the specification requirements: 
 
·  6 bits of resolution 
·  30mA full scale current complementary output into a 37.5�  termination resistor 
·  2MSPS conversion rate 
·  one external precision resistor for bias current setup 
·  no external clock available 
·  Power Dissipation 280mW max. 
·  INL ±1 LSB max. 
·  DNL ±1/2 LSB max. 
·  Supply Voltage 5V ±10% 
 
DAC Topology 
 

The DAC is mostly based on the architecture described in [1].  The following is a block diagram 
of the DAC architecture: 
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Figure 1: Dac Architecture 

 
 The current cell matrix is driven by a set of Row and Column decoders.  Within each current cell 
there is a row/column selector circuit which decides whether the cell should be turned on based on the 
states of the row/column decoders. 
 

Reference Block 
 
 The reference block requires an external voltage reference and an external precision resistor to set 
up a reference current.  The figure below is a detailed drawing of the bias block: 
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Figure 2: Bias block 

 
The negative terminal of the opamp is tied to the external resistor to sense and set the voltage across the 
resistor.  This voltage and this resistor combine to generate the reference current.  This reference current 
flows from the source of the NMOS output device to the external resistor.  Therefore, separate wires are 
used for the sense and current carrying paths to eliminate an IR drop errors.  The reference block then 
copies this current 8 times for the current cell matrix.  Below is a schematic for the opamp. 

 

 
Figure 3:  Reference current generator opamp 

 
 This opamp is a standard folded cascode amplifier.  The opamp design was fairly easy since the 
output operating range is basically fixed.  The devices lengths were sized to provide decent gains and the 
device widths were sized to keep the saturation voltages within a few hundred millivolts.  The reference 
current generated for the current cell is also used to bias the opamp.  Because of this self-biasing scheme, a 
startup circuit is needed [2].  When the circuit is “turned on,” the supply voltage will ramp from 0 to 5V.  
During this ramp, if there is no start up circuit, the node Vop will track the supply voltage because there is 
no path to charge that node.  The circuit has two stable states.  With the startup circuit, there is always 
current through M33, in this case about 2-3uA.  This will pull up the Vsu node causing M35 to turn on.  
Now Vop is being pulled down and this turns on the current source devices M30 & M31.  With a little 
current through the opamp, it starts to wake up.  Within a few microseconds it will stabilize about it’s 
operating point.  At the desired operating point, the node Vnc will have a high enough voltage to turn on 
M34 which pulls the gate of M35 to ground.  This shuts down M35 and the startup circuit it off. 

Clock Generator  Circuit 
 The clock generator circuit used in this design is essentially an edge detector.  Edges in the input 
codes are detected and a pulse is generated.  The concept is illustrated by the following circuit: 

 
Figure 4:  Edge detect circuit 

 
The following is the actual circuit implementation: 
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Figure 5:  One shot circuit 

 
 A delay line was created by using weak inverters and loading the stages with MOSCAPs.  One of 
these is used for each bit on the input word.  The results are then OR’ed together to create a clock pulse 
used by the latch in the decoder block below. 

 
Figure 6: Clock generator circuit 

Decoder  Block 
 The row and column decoders are exactly the same.  They are made up of simple logic to do the 
thermometer decoding.  The outputs of this block are registered to eliminate any false decoding that can 
happen by inputs which are skewed or uneven path delays through the decoder. 
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Figure 7:  Row/Column Decoder Cell 

Current Cell 
 The following is a schematic of the current cell: 
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Figure 8:  Unit Current cell 

 
 The current cell is basically divided into three parts.  The first part on the left is the row/column 
selector circuit, the part in the center is the switch signal synchronizer/driver and the section on the right is 
the actual current cell. 
 The selector circuit is simply the AND-OR combination shown in the block diagram, only a 
device reduction technique was employed.  I drew a Karnaugh map, wrote the logic equation, and build a 
network of PMOS devices to satisfy the equation.  The last step is to build the complement of the PMOS 
network with NMOS devices. 
 The synchronizer/driver is where the innovation lies.  The circuit is a basic level shifter and the 
greatest asset of this circuit is that both outputs rise and fall at the same time creating a constant switch 
point whether steering the current into ground or into the load.  The crossover voltage can also be moved 
up and down by sizing the NMOS (M12 & M13) and PMOS (M27 & M28) devices.  If the control signals 
overlap then both switches are on at the same time and this will cause a larger spike on Vtail which can 
couple into the bias lines and the output current will spike.  If the control signals are completely non-
overlapping then both switches are off and this will starve the current mirror.  If the current mirror is turned 
off then the time to turn back on will slow down the converter and startup transients will cause glitching.  
Finally, using logic level signals to control the switches will cause large variations on Vtail and will cause 
glitching for reasons described before.  Instead, I limited the maximum positive voltages for the outputs of 
the level shifter by installing the voltage limiting NMOS devices M15 & M16.  The gates of the cross 
coupled PMOS pair were placed at the sources of these NMOS devices so that they can still be completely 
turned off.  These NMOS devices limit the output voltage to VDD – VGS-15,16 .  VGS will be dominated by 
the threshold voltage, especially since there is significant body effect.  Other benefits of this circuit are that 
it’s simple and it consumes no quiescent power.  As far as I know this is a unique circuit, I have not seen it 
anywhere. 
 The current switch section of this cell is fairly straightforward.  A wide-swing cascode current 
source was used to provide as much headroom for the switching devices as possible.  A cascode current 
source also maximizes accuracy with the Vtail node bouncing around.  The VDS-SAT voltage of the current 
source device was made large (about 500mV) to reduce the effect of Vth mismatch from cell to cell.  
Finally, cascade devices were added to the output switches [3].  Because the current steering switch device 
widths are relatively large, a code dependent feed through of the switching signals can exist, but the 
cascade devices isolate the output from this fluctuation. 

Bias Cell 
There are eight of these cells in the current cell matrix, one on each line.  The bias cells are located 

at the center of the line to create a common centroid layout.  This will maximize matching. 
To create the bias block, the current cell block was copied and the current source devices 

themselves are used to generate the bias voltages.  The exact same devices exist in the bias cell as the 
current cell.  This was done keep the uniformity of the unit cell matrix precise.  Below is a schematic of the 
bias cell: 
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Figure 9: Bias cell 

 
All devices are tied to nodes that ensure they are shut off.  The current source devices (M3 & M4) are 
configured as a self biasing wide swing cascode.  The reference current is pulled through the Vpc node.  
The resistor is a poly resistor and it will be copied to all of the current cells so that all of the current and 
bias cells are identical in terms of layout.  A self bias cascode current mirror was used to reduce the number 
of reference currents (8 vs. 16) needed to route around the chip.   

Pads 

 
Figure 10:  Pad cell. 

 
 The NMOS and PMOS devices each have a W/L of 1000/3.  The current carrying pads do not 
have a series resistor.  Also, the power and ground pads are each missing the PMOS or NMOS, 
respectively. 
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Simulation Results 

Opamp 

Figure 11:  Opamp test bench 
 

Figure 12: Opamp DC solution 
 
 In the above schematic all the device currents and node voltages are shown.  This shows that the 
opamp bias current is about 60uA per leg.  Every device is in saturation. 
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Figure 13:  Opamp transient and AC simulation results 

 
The transient simulation done above shows what happens to the opamp’s output and the reference 

current if the input is hit with a small step input.  From the test bench above it can be seen that a capacitor 
was used to couple in the spike onto an otherwise DC signal. 

On the right in the figure above is the frequency response for the amplifier.  This plot shows a 
very controlled system.  The opamp has a DC gain of 60dB  and it is very stable with a phase margin of 
about 80 degrees. 

These simulations were also run over a set of 27 corners.  There were three parameters that were 
varied over 3 corners for a total of 27 simulations.  The process parameter was varied by changing device 
thresholds by +/- 100mV, the temperature was varied across 0 to 70 degrees C and the voltage was varied 
+/- 10%.  The results are below. 
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Table 1:  Corners results 
 
 This shows the amplifier is very stable and consistent across process, temperature and voltage 
corners. 
 

Corner Settling Phase Margin I ref
PTV 4.682u 77.75 476.5u
PTv 7.392u 79.62 476.1u
PTz 5.15u 77.79 476.3u
PtV 3.814u 77.57 476.6u
Ptv 6.589u 77.71 476.2u
Ptz 5.17u 77.61 476.4u
PyV 3.82u 77.66 476.5u
Pyv 6.086u 77.89 476.2u
Pyz 5.226u 77.7 476.4u
pTV 4.682u 77.75 476.5u
pTv 7.392u 79.62 476.1u
pTz 5.15u 77.79 476.3u
ptV 3.814u 77.57 476.6u
ptv 6.589u 77.71 476.2u
ptz 5.17u 77.61 476.4u
pyV 3.82u 77.66 476.5u
pyv 6.086u 77.89 476.2u
pyz 5.226u 77.7 476.4u
xTV 4.682u 77.75 476.5u
xTv 7.392u 79.62 476.1u
xTz 5.15u 77.79 476.3u
xtV 3.814u 77.57 476.6u
xtv 6.589u 77.71 476.2u
xtz 5.17u 77.61 476.4u
xyV 3.82u 77.66 476.5u
xyv 6.086u 77.89 476.2u
xyz 5.226u 77.7 476.4u
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Figure  14:  Corners results of “bump” test 

 

Clock Generator  Circuit 

 
Figure  15:  Clock generator simulation results 

 
 A typical pulse width is approximately 10ns if the inputs are all changing at the same time.  Also 
simulated were cases where the inputs we slightly skew and the circuit works very well.  The most 
important thing is for the data to settle before the clock edge goes negative. 
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Decoder  Block 

 
Figure 16: Decoder block test bench 

 
 In this test, the three bits are simply stepped zero through 7 and the outputs are observed.  The 
clock is generated by the clk_gen block just as it would be in the chip.  The seven outputs are enabled in 
succession as shown by the simulation results below: 
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Figure 17:  Decoder simulation results 
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Current Cell 

 
Figure 18:  Unit cell test bench 

 

 
Figure 19:  Unit cell simulation results 
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This simulation shows how the circuits described above work so well.  The Vtail voltage of the current 
switches is relatively quiet and we can see here that the control signals vary from 0 to about 2.7V.  Vout 
shown is the step voltage for one LSB and the simulation result shows that it is quiet and low glitch. 

System Level Simulations 
 The following test bench was used for the step, ramp, sine and INL simulations: 

 
Figure 20: Chip level simulation test bench. 
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Figure 21:  Ramp simulation zoomed out 

 
INL is show here to be ±8mV which is very close to the theoretical INL of ±1/2 LSB when comparing an 
ideal ramp to a DAC output. 
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Figure 22:  Ramp simulation zoomed in. 
 
We can see the error changing direction here because the ramp is going down here.  Notice here we are 
running at a conversion rate of 20MHz and the DAC is virtually glitchless.  Not show in this view is a 
small glitch that occurs at row boundaries. 
 

 
Figure 23:  Chip current and power-up current 
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Figure 24:  Chip current consumption zoomed in. 

 
The above 2 figures showing power consumption show us that there is about 7.5mA of quiescent 

power along with the 30mA of switching current.  The Spectre Calculator was used to average the current 
during operation and this shows the current is 38.94mA. 
 

 
Figure 25:  Sine wave simulation results. 

 
This output sine wave is a 200kHz  wave with a sampling rate of 20MHz.  A zoomed in view below: 
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Figure 26: Sine wave zoomed in. 

 
 Looking eight codes down from the top we can see the small glitch at the row select boundary.  
This can be eliminated by properly balancing the selector circuit inside the unit cell, unfortunately time did 
not permit. 
 Using the calculator built into Cadence, the THD was shown to be about 2%.  This corresponds to 
about 1/50th of the signal which is: 
 

dBdBTHD 3402.0log20)( -=´=  
converting to effective number of bits: 
 

bits
THD

ENOB 35.5
02.6

76.1
=

-
=  

This figure does not include any loss due to noise since the simulator does not consider noise in normal 
transient simulations. 
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Figure 27: Full step response. 

 

 
Figure 28: Full step response shows settling to 6-bit accuracy from the clock edge to be 26ns. 

 
 This simulation shows just how fast and low glitch this DAC is.  The settling time from the input 
to the output is 26ns.  Using an external clock would probably speed up the DAC since this would remove 
the delay created in the clock generator circuit.  This simulation shows the DAC can operate at about a 
40MHz conversion rate, this is about 20x the target! 
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Compliance Matr ix 

Parameter  Specification Simulated Comment 
Resolution 6 bits 6 bits Measured during ramp, step and sine simulations 
Full scale output 30mA 30mA Measured in step and opamp corners simulations 
Conversion rate 2MSPS >20MSPS Measured in step test, showed DAC is limited by 

internal clock generator 
Power Dissipation 280mW <195mW Measured during ramp test 
INL ±1 LSB max. ±1/2 LSB max. Measured during ramp test against ideal ramp, 

relative INL should be much better 
Table 2:  Compliance matrix. 

 
Layout 
 
 In all the layout images below, Metal 1 is orange and Metal 2 is Blue. 

Pinout 

Number  Name Descr iption 
1 Vref Reference voltage to set the reference current 
2 Rref Reference resistor connection 
3 In5 Bit 5 of input word 
4 In4 Bit 4 of input word 
5 Vdda Power supply 
6 Vdda Power supply 
7 Vssa Ground 
8 In3 Bit 3 of input word 
9 In2 Bit 2 of input word 
10 In1 Bit 1 of input word 
11 In0 Bit 0 of input word 
12 Iout DAC output current 
13 Iout_b Complement of DAC output current 
14 Vdda Power supply 
15 Vdda Power supply 
16 Vssa Ground 

Table 3: Pin names numbered from left to right. 

Floorplan 
 The floorplan for this chip is a conventional floorplan when it comes to current mode DAC design.  
The current cell/switch matrix is located in the center of the chip.  The column decoders are along the top 
of the switch matrix and the row decoders are along the left.  The clock generator circuit is near the bottom 
left near the pads and the bias generator is in the upper left isolated from the rest of the chip by using space 
and good substrate ties.  Below is the layout with the circuit blocks labeled: 
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Figure 29:  Simulated microphotograph. 

 
 
Below is a view of the top level Metal interconnect: 

 
Figure 30: Top level metal routing. 
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Here we can see top level power distribution.  The pad frame has a wide power and ground bus 
going horizontally across the chip.  Power and ground are connected via pads on either side of the trace.  
The most significant power bus is routed up the right side of the chip.  The blue trace on the right is ground.  
Power and ground are also routed up the left side, though on much smaller busses.  The ground traces are 
not so critical because ground is not a return path for the switched current in this design.   

Opamp Layout 

 
Figure 31: Opamp layout 

 
 The opamp’s layout is arranged in much the same way as the schematic.  The differential pair is 
cross-coupled to increase the matching in the differential pair.  The diff pair is responsible for most of the 
offset, however, the current mirror and the current sources of the output stage of the folded cascode are also 
significant contributors to offset.  The differential pair will try to compensate for current mirror 
mismatches, but mismatches will be reflected to the input according to the ratio of the gm of the input stage 
to the gm of the output stage.  If time would have permitted, the current mirror and current source just 
mentioned would have been also cross-coupled. 
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Current Matr ix Unit Cell 

 
Figure 32: Unit current cell. 

 
 This is the basic current cell.  The bias cell looks just like this for matching purposes.  The only 
difference is that most of the devices are hardwired off in the bias cell.  The two wide traces are the two 
outputs.  Wider than both of them combined is the power supply bus which is routed horizontally across the 
top.  Notice the largest device by far is the current mirror device.  This will lead to good current mirror 
performance and matching.  The rest of the current matrix cell is also relatively compact.  Along one row, 
the bias cell is positioned in the center and there are four switch matrix cells on each side of them.  This 
arrangement is helpful for two reasons.  First, there will be better matching between the current mirror 
devices since they are in closer proximity to the current cell and second, the bias voltage only has to travel 
four current cells to the left or right.  This will help because it minimizes the possible voltage drop.  Also 
important to note is that the bias voltages are routed in poly underneath the power supply rail.  The 
advantages are twofold:  There will be a built in coupling capacitance from the reference wire to power and 
the reference voltages will be shielded from other circuit noise.  The coupling capacitance is advantageous 
because it helps keep the VGS of the current mirror device steady.  Finally, when arranging the current 
switches along a line, a symmetrical technique was used to reduce INL [1]. 
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Pads 

 
Figure 33:  I/O Pad 

 
 This is a very basic pad and it probably wouldn’t pass rigorous ESD testing.  The pad is 100um x 
100um and the cell width is 300um to create a center to center spacing of 300um.  The wide power busses 
are connected by abutment though the whole pad frame. 

Standard Cells 
 Standard cells were created to facilitate quick and easy layout of the digital blocks such as the row 
decoder, column decoder and clock generator.  The standard cells were created all to be the same height 
with the same width metals for the power and ground busses.  Inputs were located on the left and outputs 
on the right.  Below are two examples of the standard cells in use: 
 

 
Figure 34: Column decoder snippet 
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Figure 35:  Snippet of clock generator circuit. 

DRC Repor t 

 
Figure 36:  DRC report. 

 
Possible Enhancements 
 
This section provides brief descriptions of possible enhancements to the DAC. 
 
·  Balance the row/column selector circuit to reduce the glitch on row transitions. 
·  Move the latch inside the unit cell to further reduce glitch and the effect of the above imbalance. 
·  Bring the complement of the output directly out of the chip.  This will help the load on both sides of 

the output switch to look the same which will enhance accuracy and likely reduce noise.  This will also 
greatly reduce the requirements for the ground routing since all of the output current will be dumped 
into ground outside of the chip. 

·  Use external clock to provide more flexibility and to enable the chip to be clocked faster.  The latch 
likely does not need the 15-20ns pulse that the clock gen circuit provides. 
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·  Run better and more comprehensive set of corners, i.e. cross corners – strong N, weak P and strong P, 
weak N 

·  Simulate more circuits across corners 
·  Run LVS!!! 
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