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Abstract

A test vehicle has been designed and tested by Airbus Defence and Space and CNES to evaluate the ATMX150RHA technology from Atmel Microchip. The design and test have been fully subcontracted to Weeroc. A 16-bit 10MSPS dual DAC and a series of analogue switch compose the main core of that test vehicle. On top of these main features, a selection of high voltage transistors, capacitances and resistors from the analogue library has been added for further total dose irradiation test. Fast LVDS transmitter and receiver from Atmel new 3.3V I/Os library have been added to characterize these new I/Os.
This paper describes the results obtained in measurement of the 16-bit DAC IP.
16-bit DAC architecture
This first iteration of a 16-bit DAC IP has been designed based on 3 main requirement specifications:

· resolution (16-bit)

· speed (4 Msps)

· reference modulation

Bibliography has been conducted during the definition phase. The required resolution and speed pointed out that current steering based DAC is the most suitable architecture for this design and requirements. Further investigations [1] helped to narrow down the design to hybrid segmented architecture which combined the thermometer-coded current sources combined with binary-coded current sources. Lastly, the segmentation of the DAC is decided with the required reference modulation frequency and design complexity [2][3]. The DAC is segmented into 4-bit MSB thermometer-coded unary current mirrors and 12-LSB binary-coded current mirrors. Architecture of the DAC is shown in Figure 1.
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Figure 1 - 16-bit DAC Architecture
The power supply for this IP is VDD = 3.3 V and it is separated according to different domains:

· Digital (VDD_D & GND_D)

· Analog (VDD_A & GND_A)

· Output stage (VDD_AO &  GND_AO)

 The input Common Mode pin,“Com_in”, is expected to be at 3.3 V and the DAC output current is drawn from that pin. Most of the analog section is operated with a 3.3 V supply.  On the other hand, the digital core is powered with 1.8 V, thus requiring internal step-down for the power supply by internal regulators.
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Figure 2 - 16-bit DAC Layout
Reference current generation
The reference current of the 16-bit DAC is generated by a combination of several components: bandgap reference, stabilised power supply and size-compensated current mirrors. The block schema for reference current generation is depicted in Figure 3.
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Figure 3 - Reference Current Block Scheme
Current Source Array
The current-source array is composed of a 12-bit section of binary weighted transistors for LSBs and 15-bit unary transistor matrix for the 4 MSBs. A variable reference current is set as an input, that reference current has a maximum value of 2.5mA. Sum of output current is 4 times the input current and is therefore limited to 10mA. Dummy transistors ensure good uniformity of the transistor current source matrix array which is composed of 3510 unitary transistors. Transistors have been matched to maximize the uniformity and minimize the input capacitance to maximize the current source array bandwidth. The size of the whole current source matrix is 700µm x 300µm on silicon.
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Figure 4 - MSB monte-carlo simulation of non-linerarity (in LSB)
Monte-Carlo simulation has been performed to perform the sizing optimization at the requirement specification (DNL +/- 4 LSB, INL +/- 5 LSB). Simulation of the MSB is shown in Figure 4 and full DAC simulation is shown in Table 1.
Table 1 - Current simulation and non-linearity on every DAC bit
	Bit#
	Min (µA)
	max (µA)
	mean (µA)
	sigma nA rms
	min INL LSB
	max INL LSB

	I0
	0,1942
	0,1977
	0,196
	0,737
	0,3
	0,3

	I1
	0,3344
	0,3404
	0,3375
	0,917
	0,2
	0,2

	I2
	0,6397
	0,6472
	0,6434
	1,557
	0,2
	0,2

	I3
	1,27
	1,278
	1,274
	1,82
	0,3
	0,4

	I4
	2,484
	2,509
	2,498
	5,003
	0,3
	0,4

	I5
	4,851
	4,919
	4,884
	15,15
	-0,2
	0,2

	I6
	9,701
	9,809
	9,764
	20,46
	-0,4
	0,3

	I7
	19,46
	19,59
	19,53
	27,95
	-0,4
	0,4

	I8
	38,96
	39,18
	39,06
	44,59
	-0,6
	0,8

	I9
	77,94
	78,24
	78,1
	60,15
	-1,1
	0,8

	I10
	156
	156,4
	156,2
	82,11
	-1,4
	1,4

	I11
	312,1
	312,8
	312,4
	132,9
	-1,9
	2,1

	I12
	624,4
	625,4
	624,9
	198,7
	-2,1
	3,0

	I13
	1249
	1251
	1250
	308,3
	-3,9
	4,6

	I14
	2498
	2501
	2499
	528,2
	-5,9
	4,6

	I15
	4997
	5002
	4999
	931,3
	-5,9
	5,8

	Total
	9992,3
	10005,3
	9997,8
	-
	-
	-


Switch Array
For steering out the current from the current source array to the output, fully differential switches have been implemented. There are 32 switches in total and basic principle is depicted in Figure 5.
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Figure 5 – Switch Basic Scheme
”Out_p” and “out_n” are the common outputs where all the switches are connected. “sw” and “swb” denotes the signal for driving the switch gate so that the switches can be turned ON or OFF. Turning ON the switches will steer the incoming current to the output “out_p” or ‘”out_n”. Of course the current steered to the outputs is sourced from the current source array discussed in previous section. 

The current switches are required to deliver up to 10 mA per output; therefore the size of the switches is adapted following the output requirement. Other requirements for the switch design are for example having a settling time and glitches area within the specification (respectively < 50ns and < 35pA/s) on the outputs.

The transistor type chosen for the switch is 1.8V MOS nfet which has the lowest threshold voltage (Vth) (0.38~0.52V in typical case) and the highest saturation current among the transistors offered by ATMX150RHA technology.

The glitch amplitude can be relatively high (85 µA) especially when several current mirrors are turned ON and OFF at the same time. Glitches can be minimised or even suppressed completely if there is only a small number of a switch or the outputs are independent for each switch. However with high number of switches such as in this design, glitch reduction technique could have some limitations. Basic techniques used for minimising the glitches include using a reduced-swing switch driver, slower rising/falling edge and dummy structure.

In this design the Reduced-swing Switch Driver is used since this solution can be applied systematically to all switches in this DAC.  Additionally, a low-pass filtering is also applied to the current output in order to reduce furthermore the glitches amplitude.
Reduced-swing Switch Driver

Glitches on the output occur due to the discharge of Gate-Drain capacitance (Cgd) during the switches transition from ON to OFF and vice-versa. This discharge amplitude depends heavily on switch driver amplitude and also rise/fall time of the switch driver signal. Additionally the discharge current can be absorbed through a dummy structure.  However the discharge absorbing mechanism will start to exhibit some limitations when facing with huge number of switches such as in this design. Therefore the glitch reduction strategy is mostly focused on reducing the switch driver signal amplitude. The driver design is depicted in Figure 6.
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Figure 6 - Reduced-swing Switch Driver
Settling time, overshoot, undershoot and Glitches have been simulated for all main DAC code transition. Results are shown in Table 2.

Table 2 – Transient characteristics of DAC outputs
	Transition

DAC code
	Settling Time1) (ns)
	Max Overshoot Amplitude 

(µA)
	Max Undershoot Amplitude 

(µA)
	Max Glitch Surface2)
(pA.s)

	
	OutP
	OutN
	OutP
	Out_N
	Out_P
	Out_N
	OutP
	Out_N

	0 -> 1
	<1
	1
	-
	-
	-
	-
	-
	-

	1 -> 2
	<1
	1
	-
	-
	-
	-
	-
	-

	3 -> 4
	<1
	1
	-
	0.02
	-
	0.15
	-
	-

	7 -> 8
	1
	2
	-
	0.04
	-
	0.25
	-
	20

	15 -> 16
	1
	3
	0.09
	0.04
	-
	0.4
	0.04
	51

	31 -> 32
	5
	4
	0.1
	0.04
	-
	0.5
	0.014
	26

	63 -> 64
	6
	4
	0.1
	0.07
	0.01
	0.7
	0.03
	28

	127 -> 128
	7
	4
	0.13
	0.13
	0.04
	0.95
	0.075
	30

	255 -> 256
	9
	4
	0.17
	0.25
	0.11
	1.5
	0.025
	33.5

	511 -> 512
	10
	7
	0.3
	0.5
	0.2
	2
	0.05
	38

	1023 -> 1024
	12
	10
	0.5
	1
	0.5
	4
	1.8
	40

	2047 -> 2048
	13
	16
	1
	2
	1
	8
	4
	42

	4095 -> 4096
	20
	20
	2
	5
	7
	17
	8
	47

	8192 -> 8193
	22
	22
	5
	9
	10
	36
	0.95
	41

	16383 -> 16384
	27
	29
	11
	18
	26
	63
	1.4
	34

	32767 -> 32768
	33
	32
	33
	31
	84
	85
	15
	16.3


16-bit DAC measurement results
A test board (Figure 7), a specific firmware and software (Figure 8 ) have been designed to characterize the 16-bit DAC.
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Figure 7 - Test vehicle test board
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Figure 8 - Test system software

This test board has been used to test all parameters of the 16-bit DAC shown below. 
Static measurements
[image: image9.png]Bandgap, Regulators

Slow and bias test points

Control

Hi-Precision
Digital
Mutimeter

Stabilised lab
power suppl

Slow
Control

Slow
Control

Hi-Precision
Digital MultiMeter

Hi-Precision
Digital MultiMeter

Slow
Control

Slow -——

Control Probes

Hi res osccilloscope

Slow Control

& Sine Wave
Generation

Numerically
Controlled Oscillator \/\ Hi res osccilloscope
Spectrum Analy zer




Figure 9 - DAC linearity test setup
Offset and Gain Error
The linearity has been done by sweeping all the codes between 0 and 65535 and by collecting the 18-bit ADC output values. Assuming the gain of 2 in the voltage buffer and a DAC code sweep from 0 to 65535, the ADC code should vary from 65535 to -65535. Hence the ideal gain is -2 and the ideal intercept of the linearity is 65535. The gain of the DAC is measured at -1.999093 with an intercept of 65476.13.

The requirement on the gain error is ± 1 % on the full scale range. The error on this measurement is -0.0455 %. The offset error is -0.09 % FSR with a requirement of ± 0.2 % FSR.
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Figure 10 - Differential Gain Error

INL and DNL
The INL (Integral Non Linearity) and DNL (Differential Non Linearity) has been measured by sweeping the input DAC code from 0 to 65535. Measurement shows a non-linearity at the binary to thermometer interface as shown in Figure 11.
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Figure 11 - INL (top) and DNL (bottom) of 16 bit DAC
The DNL for the codes n x 4096 is about -40 LSB. It doesn’t depend on the noise, this is a true DNL error observable as a large chainsaw effect on the residual (Figure 11). By doing the fit on a small portion between two thermometer bit changes, the INL remain within +4/-4 LSB (Figure 12). The requirement being a +4/-4 LSB INL, the requirement is fulfilled for the binary partition of the DAC.
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Figure 12 - INL y-zoom (top) and DNL x-zoom (bottom) of 16 bit DAC
In order to correct the 4 MSB bit error, the current reference of the thermometer bits should be trimmed. Because there is a unique current reference in the DAC, this is not possible. The DNL and INL requirements could be achieved by adjusting individually the current reference for the two partitions, binary and thermometer. That trim capability will be added in the second version of the IP to get a true 16 bit DAC.
Transient Measurements

Transient tests are performed by sending test vectors to the DAC input command. These vectors are either generated automatically or sent manually through the GUI. Outputs of the DAC are connected directly to a high resolution oscilloscope (12-bit, 1 GHz BW). During the tests, other components (buffers, ADCs, …) are set to off or shut down state.  The test setup is shown in Figure 13.  The following tests are performed:

· Min to max , max to min and mid-scale transitions

· Glitch measurement

· Settling time measurement
· Rise/Fall time measurement
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Figure 13 - Transient Measurement Test Setup
Transition times shown in Table 3 are close to specification (50ns) for the full range transition span and in specification for the smaller transition span.

Table 3 - Settling Time Measurement
	Min to max rise time
	54 ns

	Max to min fall time
	57 ns

	32767 (32768 code transition
	35.2 ns

	32768 (32767 code transition
	35.2 ns


Since the ringing from the min to max transition is barely visible, only the midscale transition glitch is measured. The amplitude and surface of the glitches are the following:

· Transition 32767 ( 32768 : 

· Surface : 44.08 pWb ( 0.44 pA/s),  

· Amplitude (peak to peak) : 20 mV

· Transition 32768 ( 32767 : 

· Surface : 53.87 pWb ( 0.54 pA/s), 

· Amplitude (peak to peak) : 25 mV
AC measurements
AC measurements of the DAC are performed by generating digital sine wave at various update rate and output frequency. The sine wave is generated by using a NCO (numerically controlled oscillator). The GUI of the evaluation setup is used for setting the update rate and output frequency out the generated waveform. The DAC outputs are connected directly to the high resolution oscilloscope with spectrum analysis capability. During the tests, other components (buffers, ADCs, ...) are set to off or shut down state.  The test setup is shown in Figure 14.
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Figure 14 - AC measurement Test Setup
AC spectrum is analysed for different frequencies dynamic range has been measured. 
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Figure 15 - AC analysis - Frequency 1KHz - SFDR 75dB
SFDR is measured from DC to Nyquist frequency (Update Rate / 2) by including spurious created by the signal harmonics (Figure 16). The sine wave for the tests ranges from 1 kHz to 1 MHz and the tests are performed for 1 MSps, 4 MSps and 10 MSps update rate. SFDR is about 75dB for low frequency signals.
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Figure 16 - SFDR vs. Sine wave output frequency

Conclusion

A first iteration of a 16-bit DAC has been designed using the new ATMX150RHA radhard technology. The block is working and two improvements must be conducted in a next iteration to have an IP fully in specification.
The first correction will be the improvement of the thermometer to binary matching. The second improvement will be a noise reduction done with a floorplanning modification in the padring.

Beyond these two detected bug, the DAC 16-bit is in specification for all requirements and the ATMX150RHA technology is showing very good analogue performances well modelled in the process design kit.

I. References

[1] Gaurav Raja & Basabi Bhaumik (2006). 16-bit Segmented Type Current Steering DAC for Video Applications. Proceedings of the 19th International Conference on VLSI Design (VLSID’06). 1063-9667/06
[2] Geert A. M. Van der Plas, Michel S. J. Steyaert & Al (1999). A 14-bit Intrinsic Accuracy Q2 Random Walk CMOS DAC. IEEE journal of solid-state circuits, vol. 34, no. 12, december 1999. 0018–9200/99
[3] S.Ramasamy, B.Venkataramani & Al (2010). The design of an area efficient segmented DAC. 2010 International Conference on Signal and Image Processing. 978-1-4244-8594-9/10.
