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Introduction 
In the previous module, the basic operation of a DAC 

has been discussed. Different DAC architectures were 

also introduced together with their advantages and 

disadvantages. In addition, an overview was given of 

the different terminologies and specifications of a DAC. 

This module will give a deeper discussion of the 

different DAC types, specifications, and interfaces. 

DAC Types 
Analog Devices offers a wide DAC portfolio covering a 

huge array of precision and high-speed applications. In 

the following topics, different DAC types will be 

discussed, highlighting each’s core characteristics and 

key features relevant to the different applications. 

Voltage Output DACs 

The most common type of DAC, useful in applications 

like DC bias generation and setpoint, is the Voltage 

Output DACs. They can further be classified 

depending on the polarity of the voltage output, 

Unipolar or Bipolar.    

Low Voltage Single Supply 

Low Voltage Single Supply DACs, or LVSS, are one of 

the simplest, easy-to-use DACs. Most LVSS in ADI’s 

portfolio operate with supply voltages ranging from 

2.7V to 5.5V and with flexible 3-wire or 4-wire SPI or 

I2C Interface allowing easy integration on 

microcontroller-based designs. As an example, shown 

in Figure 1 is the AD5676R DAC Channel Architecture. 

 

 

Figure 1. AD5676R Single DAC Channel Architecture 

One key feature in ADI’s LVSS DACs is integration and 

space savings for our customers. Multiple DAC 

channels can be fit into a single package coupled with 

a robust range of features for the AD5676R. These 

features include, but not limited to, an on-chip 

reference and an output buffer capable of driving 

higher current and voltage outputs.  

ADI’s portfolio of LVSS DACs has output resolutions 

ranging from 8-bits to up to 18 bits, with single-channel 

up to 8-channels. In applications like wired comms, 

area and channel density are key requirements.  

Featured Product: AD5676R: 8-Channel, 16-Bit, 

with 2 ppm/˚C Reference 

 High relative accuracy (INL): ±3 LSB 

 Total unadjusted Error (TUE): ±0.14% FSR 

 -40 ˚C to 125 ˚C operation 

 2.7 V to 5.5 V Supply range 

 TSSOP, 4mm2 LFCSP, and 2.4mm2 WLCSP 

Bipolar DACs 

Due to the architecture and some errors, LVSS DACs 

are not able to provide output voltage near the zero 

range, Bipolar DACs can easily solve this problem. 

ADI’s portfolio of bipolar voltage output DACs provides 

excellent accuracy for up to 20-bit resolutions.  

 

Figure 2. AD5761R DAC Architecture 

The AD5761R, as shown in Figure 2, has a feature 

enabling the multiple output ranges to be configured for 

individual channels via software or pin-strapping. This 

https://www.analog.com/en/products/ad5676r.html
https://www.analog.com/en/products/ad5676r.html
https://www.analog.com/en/products/ad5761r.html#product-overview
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5761r_5721r.pdf
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reduces the complexity of board design by providing 

flexibility in reuse on multiple product platforms.  

Featured Product: AD5761R: 16-Channel, 16-Bit 

SoftSpan™ Vout DAC 

 Software-programmable output ranges  

(0 to 5V/10V/16V/20V, ±3V/5V/10V) 

 Total unadjusted Error (TUE): ±0.1% FSR 

 -40˚C to 125˚C operation 

 Low Drift 2.5 V reference ±2 ppm/˚C 

 TSSOP, 3mm2 LFCSP Single Channel 

Package 

Other: DenseDACs, ADC DAC Combo, HV DAC 

Another DAC type that falls under the Voltage Output 

DACs is the ADI’s DenseDACs. Targeting the optical 

communications market which includes Mach-Zehnder 

modulator (MZM) biasing, Laser Drivers as well as 

analog output modules (AOMs) and antenna arrays. 

The high channel density of the DenseDACs offer 

immense PCB area reduction coupled with high output 

current capability, output monitoring multiplexers and 

output range flexibility. DenseDACs consist of 16 up to 

40-Channels of both unipolar and bipolar voltage 

output DACs. 

Featured Product: LTC2688: 16-Channel, 16-Bit 

Softspan™ Vout DAC, with 2 ppm/˚C Reference 

 Software-programmable output ranges 

(0 to 5 V/ 10 V, ±5V/10V/15V) 

 Precision 4.096V reference, ±5 ppm/˚C 

 Max INL Error ±3 LSB 

 -40 ˚C to 125 ˚C operation for 6mm2 LFCSP  

 Current and Voltage Monitoring Mux 

 Output Drives ±20 mA guaranteed 

In applications requiring integrated monitoring and 

control, ADI’s comprehensive portfolio combine ADCs, 

DACs, temp sensors, General Purpose Input Output 

(GPIO), and current sensing technologies offer a wide 

range of configurations. These integrated solutions 

offer huge space savings over discrete implementation 

and provide flexibility and configurability for monitoring 

and control systems applications. 

Featured Product: AD5592R/AD5593R: 8-Channel, 

12-Bit, ADC/DAC Combo 

 8-channel, configurable ADC/DAC/GPIO 

 Integrated temperature sensor 

 Max INL Error ±3 LSB 

 3mm2
 LFCSP and 2mm2 WLCSP 

Output ranges from 20V up to 1000V could be 

considered as high voltage. ADI’s high voltage DACs 

are targeted at optical MEMS (microelectromechanical 

systems), micro-positioning applications for piezo 

actuators, and level setting for automotive tests and 

measurement. Protection features such as output 

monitoring and sensing, temperature monitoring, alarm 

function for over temp or short circuit, and shutdown 

are key to the high voltage applications mentioned. 

Featured Product: AD5535B: 32-Channel, 14-Bit, HV 

DAC 

 DenseDAC with integrated high voltage 

amplifier 

 Full-scale output programmable (50 V to 200 

V) 

 550 μA drive capability 

 Integrated silicon diode for temperature 

sensing 

 1.2 MHz channel update rate 

Current Output DACs 

Programmable Current Source/Sinks (IDACs) 

An IDAC has a high output impedance due to its output 

that behaves as a current source/sink. A simplified 

block diagram of an IDAC is shown in Figure 3. Current 

source/sinks are widely used in various industrial 

applications, such as controlling temperature, light and 

movement by driving electromagnetic loads without 

decaying over temperature. 

 

Figure 3. IDAC Simplified Block Diagram 

One thing that should be noted when driving 

electromagnetic loads with a voltage output DAC, is 

https://www.analog.com/en/products/ad5761r.html#product-overview
https://www.analog.com/media/en/technical-documentation/data-sheets/ltc2688.pdf
https://www.analog.com/en/products/ad5592r.html#product-overview
https://www.analog.com/en/products/ad5593r.html#product-overview
https://www.analog.com/en/products/ad5535b.html
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that the coil resistance varies with temperature, both 

ambient and self-heating. This means the load current 

will vary with temperature, which needs ample 

consideration in design. IDACs solve this problem as 

the load current will remain constant over the specified 

operating temperature range.  

ADI’s portfolio of IDACs is suitable for photonics control 

applications where low current noise density, low 

dropout voltage, and high power efficiency, in addition 

to high channel density, are critical to system 

performance. IDACs have configurable current ranging 

up to 300mA per channel and more since channel 

combination is inherently possible with IDACs.  

Featured Product: LTC2672: 5-Channel, 300mA, 

16/12-Bit, IDAC 

 8 programmable output range per channel 

(3.125, 6.25, 12.5, 25, 50, 100, 200, 300 mA) 

 Guaranteed 0.6 V max dropout 

 Separate supply per output channel 

 -40 ˚C to 125 ˚C operation 

 Output I/V monitor mux 

Multiplying DACs 

MDACs, also called Multiplying IOUT DACs are not 

current sources. Its output is a binary-weighted current 

that must be converted to a voltage using a trans-

impedance amplifier or TIA. A simplified diagram is 

shown in Figure 4. The DAC core serves as a code-

dependent variable resistance. For almost all MDACs, 

the output buffer is not included on chip and an external 

TIA must be used. The feedback resistor, however, is 

always included on chip to match the resistors used in 

the DAC core. 

 

Figure 4. Simplified MDAC Block Diagram 

One unique thing with this architecture is that it can 

digitally apply a high-resolution gain to a varying 

wideband analog signal at the reference input, VREF. In 

other words, an AC signal can be applied to VREF and 

the resulting output signal’s amplitude can be set, as 

shown in Figure 4, optimal for signal conditioning 

applications.  

ADI’s extensive portfolio of multiplying DACs uses the 

R-2R architecture giving it fast settling time and low 

glitch and noise, and with the addition of on chip 

resistors, reduces the solution size and design 

complexity. 

Featured Product: LTC2756/LTC2758: Single and 

Dual Channel, 18-Bit MDAC 

 Max. 18-bit INL error: ±1 LSB over 

temperature 

 SoftSpan™ output ranges 

 Glitch impulse: 0.4 nV/s 

 17-bit settling time: 2.1us 

 Serial interface with readback of all registers 

IDACs vs Multiplying DACs 

Table 1 shows the summary and comparison of 

IDACs and Multiplying DACs. 

Table 1: IDACs vs Multiplying DACs 

IDACs MDACs 

Programmable current 
sources/sinks 
 

Are not current 
sources/sinks 

Output Impedance is 
high and not code 
dependent 
 

Output is a current but 
needs to be converted 
to a voltage using TIAs 

Used in electromagnetic 
load driving applications 

Low and code 
dependent output 
impedance 
 

 Used in low noise/glitch, 
and digital signal 
conditioning 
applications 

  

4-20mA DACs 

4mA to 20mA current loop DACs or Industrial DACs 

are often employed in process logic control or PLC and 

plant automation applications. The output of these 

DACs can either be current or voltage. 4mA to 20 mA 

https://www.analog.com/en/products/ltc2672.html
https://www.analog.com/en/products/ltc2756.html
https://www.analog.com/en/products/ltc2758.html
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converters can be used together with HART® modems 

to realize a robust, accurate, compliant HART solution. 

See HART Overview. 

ADI’s portfolio of industrial DACs offers features such 

as voltage outputs with force/sense capability, 

ensuring correct voltage is applied across the load, as 

well as compensation pins for driving large capacitive 

loads.  

The featured product, AD5755-1, even has a dynamic 

power control feature that utilizes a dc-to-dc boost 

converter circuit to adjust the voltage supplied to the V-

to-I circuit, shown in thus reducing power consumption 

and self-heating. 

Plenty of safety features are also added to 4mA to 

20mA DACs such as output fault detection, short circuit 

protection, watchdog timer, and packet error checking. 

These features would be discussed in the Common 

DAC Registers + Special Features section. 

 

Figure 5. AD5755-1 Voltage-to-Current Conversion 
Circuitry 

Featured Product: AD5755-1: Quad, 16-Bit 4-20mA 

and Vout DAC 

 16-bit resolution, ±0.05% TUE with HART™ 

connectivity 

 Output current range: 0-20mA, 4-20mA or 0-

24mA 

 Vout range: 0 to 5V/10V, ±5 V, ±10V 

 Dynamic power control for thermal 

management 

 On-chip diagnostic features 

Fast Precision DACs 

Where precision meets speed in applications 

demanding both dc and ac performance, fast precision 

DACs emerge. ADI’s portfolio of fast precision DACs 

enables higher speed waveform generation of up to 

12.5 MSPS (samples per second) with 4x 

oversampling of up to 50 MSPS with clean signal 

spectrums.  

Fast precision DACs bridge the gap between precision 

DACs with their outstanding linearity in DC to a few 

MHz, and high-speed DACs with excellent SFDR and 

THD in the MHz to hundred MHz region. 

Legacy fast precision DACs utilize parallel interface to 

reduce the bottleneck caused by serial interface, but 

recent developments have started to explore Quad SPI 

with DDR (double data rate). See DSPI, QSPI and 

DDR. Key specifications in fast precision DACs include 

low latency and fast settling time, allowing to reach 

desired output data rates. 

Featured Product: AD3552R: 16-Bit, 33 MUPS, 
Multispan, Multi-IO SPI DAC 

 33 MUPS single channel rate in fast mode 
 65 ns small signal (100 ns for large signal) 

settling time to 0.1% accuracy 

 Ultra small glitch < 50 pV*s 

 Ultra low latency: 5 ns 

 Multiple error detectors 

DigiPOTs 

Also known as digital potentiometer, RDACs, or 

DigiPOTs, are compact devices that are digitally 

controlled and offers the same analog functions as a 

mechanical potentiometer. Digipots are commonly 

used in applications such as calibrating system 

tolerances and digitally controlling system parameters. 

ADI’s DigiPOTs, like the AD5123 and AD5143 shown 

in Figure 6. AD5123/AD5143 , offer a non-volatile 

solution, meaning wiper settings are retained even 

when power is cut-off. DigiPOTs are commonly used in 

gain-setting or bias-setting applications. 

https://www.analog.com/en/products/ad5755-1.html
https://www.analog.com/en/products/ad5755-1.html
https://www.analog.com/en/products/ad5755-1.html
https://www.analog.com/en/products/ad3552r.html
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5123_5143.pdf
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Figure 6. AD5123/AD5143 Block Diagram 

Featured Product: AD5123/AD5143: Quad Channel, 

128-/256-Position, I2C, Nonvolatile Digital 

Potentiometer 

 Single Chip Construction On-Board Output 

Amplifier 

 Low Power Dissipation 

 High Stability, High Current Output Buried 

Zener Reference 

 High Accuracy 1/2 LSB Max Nonlinearity 

DAC Specifications 
This section discusses the different key specifications 

used in DACs. 

Total Unadjusted Error (TUE) 

The previous module provided an overview of the 

converter linearity parameters. The DAC transfer 

function may be expressed as the analog output, 𝐴 =

𝐷 ∗ 𝐺 + 𝐾, Where D is the digital code input, K is the 

offset error, and G is the gain error. DNL is the greatest 

measured output transition error from the ideal 1LSB 

when the input is increased by 1LSB, and INL is the 

maximum deviation of the actual DAC transfer curve 

from the ideal straight line. INL can alternatively be 

thought of as the total of all DNL errors. 

 

Figure 7. Ideal Transfer Curve for DAC 

Figure 7 shows an ideal transfer curve for a DAC 
applied with offset (gold), INL (black), and gain (blue) 
errors to effectively display the calculated worst-case 
error by adding the individual errors altogether. 
However, the worst-case gain, offset, and linearity 
errors will not usually take place under the same 
conditions, see Figure 8. At room temperature, the 
offset error is at its worst but there is no significant gain 
error. When looking at the -40°C condition, the offset 
error might be fine, but the gain errors look to be at 
worst. Heating up the part may result in another 
deferring transfer function. 

 

Figure 8. Transfer Curve taken at room temperature 

The error margin derived from this actual worst-case 

measurement is called the Total Unadjusted Error 

(TUE), refer to Figure 9. TUE gives a far better 

indication of the device’s performance than simply 

taking the worst-case maximum error sources and 

adding them together. We can see from the typical 

performance characteristic (TPC) table taken from 

AD5761R in Figure 10, that TUE is displayed as the 

https://www.analog.com/media/en/technical-documentation/data-sheets/ad5123_5143.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5123_5143.pdf
https://www.analog.com/en/products/ad5761r.html
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percentage of the Full-scale Range (%FSR) and since 

this is from actual measurement, all other errors have 

been included, like internal reference errors. Just make 

sure to check the measurement conditions or notes 

given to check the coverage of this specification.  

 

Figure 9. Total Unadjusted Error 

 

Figure 10. AD5761R TUE parameter 

How to relate this specification to output error voltage 

or LSBs? Since TUE is measured in actual conditions 

with all factors like linearity, reference errors and 

temperature, then it can be directly translated as the 

total error. Using the equation: 

𝑉𝐸 = %𝐹𝑆𝑅 ∗ 𝑜𝑢𝑡𝑝𝑢𝑡 𝑟𝑎𝑛𝑔𝑒 

For example, 16-bit AD5761 output range of +/- 10V, 

we can calculate the output error as 

𝑉𝐸 =
. 15

100
∗ 20 = ±.03𝑉 

The LSB error can then be computed by: 

𝐿𝑆𝐵𝐸 =
𝑉𝐸

𝐿𝑆𝐵⁄  

𝐿𝑆𝐵𝐸 =
. 03𝑉

20𝑉
216

= ±99𝐿𝑆𝐵𝑠 

The numbers may seem bad, but it must not be 

overlooked that some components of TUE can be 

adjusted or calibrated, and some of the DACs in ADI’s 

portfolio offer internal calibration. In the end, having the 

worst-case actual TUE aids the customer in the error 

budget during design. 

Load Current vs Short Circuit Current 

One common fault of DAC users is mistaking short-

circuit current for load current. Figure 11 shows a 

specification from the AD5686R datasheet. A short 

circuit spec is given but there is no load current which 

is common in DAC datasheets. The minimum Rload 

value is given as 1Kohm and assuming a FS output of 

5V, the maximum load current that can be sourced is 

5mA. This also tells us that for any resistor value 

greater than 1kOhm, the typical performance 

characteristics (TPC) will be valid.  

 

Figure 11. AD5685R Datasheet 

The short-circuit current is the maximum amount of 

current that the output pin can provide. This is used to 

prevent the DAC from getting damaged if an output pin 

shorted to any other voltage or ground. Exceeding this 

rating will trigger the over current protection (OCP) of 

the device. A common OCP response is that the output 

voltage starts to drop when nearing short-circuit 

current until it completely shuts off the output when limit 

is reached. Figure 12 shows a plot from the eval report 

and datasheet of AD5686R. This is provided to give an 

indication to the users of what the DAC will do under 

different conditions. Ultimately, it is always 

recommended that the DAC is operated within its load 

current specification.  

https://www.analog.com/en/products/ad5761r.html
https://analog-my.sharepoint.com/personal/ianvincent_andal_analog_com/Documents/Documents/Apps/Apps-to-school/A2S_Modules/AD5761
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5686r_5685r_5684r.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5686r_5685r_5684r.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5686r_5685r_5684r.pdf
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Figure 12. Eval report of AD5686R 

Notice in Figure 12 that in the condition where the 

output is set to 0xFFFF or the FS code, the output 

voltage is already decreasing even if the load current 

is still within the specified value. This is due to the 

headroom requirement. 

Headroom 

In general, DACs are designed with an output amplifier 

as shown in Figure 13. The output stage of the 

amplifier is made up of two FETs and to supply a 

positive voltage, for example, the top transistor is 

turned on to allow current flow from V+ through the FET 

and into the load.  

 

Figure 13. Connection of DAC and output amplifier 

As the required output voltage increases, the transistor 

needs to be turned on more until it effectively becomes 

a small resistor. Although in general, the on-resistance 

of the FET may be small, very much so compared to 

Rload, there is still going to be a voltage drop across it. 

This means that the output of the DAC can never 

actually reach the exact same value as V+. To achieve 

a certain output value with a corresponding output 

current, there should be a minimum headroom 

voltage at V+.  

For example, given the minimum on-resistance of a 

FET at 25 ohm and to provide an output voltage of 4V 

at 5mA, the minimum headroom required is 25ohm x 

5mA = 125mV above the desired output voltage of 4V. 

This means a 5V supply should be OK. If in case a 5V 

output is required, then the supply should be at least 

5.125V or higher else a voltage drop would be seen on 

the output of the DAC. 

Some ADI DAC Products, like the AD5755-1 minimizes 

the headroom effect by providing a voltage sensing pin 

on the output buffer. 

DAC Output Data Rate and Settling Time 

In ADCs, we are given throughput rate specification 

usually stated in samples per second (SPS) which 

refers to the rate at which a valid digital code 

representation on the input signal can be delivered to 

the output. This specification greatly depends on the 

internal sampling frequency and processing delay 

dependent on the architecture. Many people 

misinterpret and assume that the same concept 

applies to DACs. Figure 14 shows the timing 

specifications for AD5679R. 

 

Figure 14. AD5679R Timing Specifications 

The SCLK cycle time is t1 = 20ns and to load data to 
the registers of this DAC would need 24 clock cycles 
and a pause of 15ns due to the minimum SYNC high 
time spec (t6). The update rate for this DAC would be  

1

(24∗𝑡1)+𝑡7
 or one write every 500 ns. However, this 

does not equate to the DAC’s output update rate. What 

https://www.analog.com/media/en/technical-documentation/data-sheets/ad5686r_5685r_5684r.pdf
http://ad5755-1/
https://www.analog.com/media/en/technical-documentation/data-sheets/AD5674-5674R-5679-5679R.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/AD5674-5674R-5679-5679R.pdf
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you are seeing is only the rate at which you can make 
a valid data write to the DAC registers, which we could 
refer to as the digital interface (I/F) update rate, but the 
output of the DAC can’t respond that quickly. 

Settling Time 

As shown in Figure 15, the input to output settling time 

of a DAC is measured from the time t=0, when a valid 

write is sent, to the time the output reaches and settles 

at the new output level within some error band. For 

precision DACs, the error band is usually specified as 

+/-1 or +/- 0.5 LSB. The settling time is made up of four 

different periods: switching time or dead time, slewing 

time, recovery time, and linear settling time.   

  

Figure 15. Settling Time 

Deadtime or switching time is measured from the 

time when the instruction to change the output is 

received by the DAC (t=0) to the time where the output 

of the DAC starts to change. The entirety of the dead 

time reflects the time for the digital switches inside the 

DAC architecture changes. This time is very small and 

usually negligible.  

The transition time during which the output rate of 

change is limited by the DAC's slew rate is referred to 

as slew time. Slew rate is measured by taking a 0 to 

FS step and calculating the time it takes for the output 

to travel from 1/4 to 3/4 scale, which is usually 

expressed in V/us. For example, in a 0 to 5V output 

transition, the time it takes for the output to travel from 

1.25V (1/4) to 3.75V (3/4) is 1us, resulting in a slew 

rate of 2.5V/us. 

Recovery is the time during which the DAC is 

recovering from its fast slew and may overshoot. 

Linear settling time is determined when the output 

approaches its final value in an exponential or near 

exponential manner. The settling time would be 

independent of the output step size if the slew time is 

fast (which is frequently the case for current output 

DACs). On the other hand, if the slew time is a 

significant part of the total settling time, then the larger 

the step, the longer the settling time is. This can be 

seen from the settling time specs (8us max +/-2LSB) 

and slew rate (0.8V/us) of AD5679. 

Essentially, the actual output update rate of a DAC 
consists of both the digital I/F update rate, and the 
output settling time. As long as the digital I/F update 
rate is less than the output settling time, the output 
update rate would be limited by the settling time.  
 
As an example, if a DAC has an output settling time 
(tsettle) of 10us and a digital I/F update rate of <1us, the 
output update rate would just be 1/tsettle or 100K 
samples per second (SPS).  
 
In case the digital I/F time is significantly slower than 
the settling time, then it should be considered in the 
output data rate equation. There is a good discussion 
on this link. 

Noise in DACs 

Noise is generally specified in one of two ways when 

looking at a DAC datasheet. First one is Output Noise 

Spectral Density (NSD), typically measured at 1kHz 

and 10kHz and specified in units of 𝑛𝑉/√𝐻𝑧. Second 

one is Output Voltage Noise which is a voltage peak-

to-peak noise measurement. Figure 16 shows the 

actual frequency spectrum plot for noise spectral 

density of the high precision AD5780 family. These are 

a family of 16/18 and 20-bit precision devices where 

low noise performance is key to achieving accurate 

linear performance. In simpler terms, the peak-to-peak 

noise voltage must be lower than the minimum voltage 

step of 1LSB.  

https://www.analog.com/media/en/technical-documentation/data-sheets/AD5674-5674R-5679-5679R.pdf
https://ez.analog.com/data_converters/precision_dacs/f/q-a/559246/precision-dac-sample-rate
https://www.analog.com/en/products/ad5780.html
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Figure 16. 1/F noise and Thermal Noise 

Output Noise Spectral Density 

Output noise spectral density (NSD) is the noise 

energy produced in the output of a device with respect 

to frequency. There are two noise sources that make 

up the noise spectral density – 1/f Noise and Thermal 

Noise. 1/f noise, also known as flicker noise or pink 

noise, is produced due to the nature of the component 

and impurities of the process. There is no general 

equation to define this noise. On the other hand, 

Thermal Noise, also known as Johnson noise or 

resistor noise, is generated by the thermal electron 

agitation proportional to the resistance as outlined by 

the equation below. This shows that at a particular 

frequency and operating temperature with all the other 

terms being constant, thermal noise is proportional to 

the resistance as seen in the equation below. 

𝑁𝑆𝐷 = √4𝐾𝑇𝐵𝑅 

Where: 

K is the Boltzmann constant (1.38e-23) 

T is the temperature in Kelvin (K = °C + 273) 

B is the bandwidth 

R is the resistance 

Looking at the noise spectral density plot, it shows that 

thermal noise dominates the noise energy, especially 

on the frequencies from 10Hz to 10kHz. The AD5780 

family is based on an R-2R core which is the most 

suitable DAC architecture to achieve low noise due to 

its inherently low output impedance. In this case, the 

noise spectral density is specified at 8𝑛𝑉/√𝐻𝑧 making 

it ideally suited for high precision ultra-stable 

applications. 

But how do we use this noise energy? If the bandwidth 

of operation of the DAC is higher than 1kHz, we can 

simply do the following calculations: 

𝑁𝑜𝑖𝑠𝑒𝑅𝑀𝑆 = 𝑁𝑜𝑖𝑠𝑒 𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑛𝑉

√𝐻𝑧
)

∗ √𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ 

𝑁𝑜𝑖𝑠𝑒𝑝𝑘−𝑝𝑘 = 𝑁𝑜𝑖𝑠𝑒𝑅𝑀𝑆 ∗ 6.6 

For example, noise spectral density of 8𝑛𝑉/√𝐻𝑧 

operating at 10kHz Bandwidth, has an equivalent 

NoiseRMS = 800nV and a Noisepk-pk = 5.28uV.  However, 

if the bandwidth of operation is lower than 1kHz, then 

it would be better to just measure the output directly 

and specify the pk-pk value. 

Output Voltage Noise 

Going back, the output voltage noise specification is 

simply the 1/f noise measured only in the 0.1Hz to 

10Hz frequency range. Figure 17 shows the 

measurement of the output voltage pk-pk noise for the 

AD5780 18-bit DAC.  

 

Figure 17. Output Voltage peak-to-peak noise for 
AD5780 

DAC Errors 

Error Sources in a DAC Signal Chain 

In a signal chain, the DAC does not appear alone. It 

always needs a reference voltage. DAC is connected 

to the voltage reference and operation amplifiers as 

shown in Figure 18. The additional components each 

have their own errors that must be considered and 

summed up.  

https://www.analog.com/en/products/ad5780.html
https://www.analog.com/en/products/ad5780.html
https://www.analog.com/en/products/ad5780.html
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Figure 18. DAC connection in a Signal Chain 

A voltage reference has 4 main error contributors 

namely: initial error, temperature coefficient error, load 

regulation, and line regulation errors. The initial error 

refers to the variation of the output voltage during 

production testing that is measured at 25°C. 

Temperature coefficient error is related to the change 

in the output voltage as the ambient temperature of the 

device changes. This error is normalized at 25°C. For 

a power supply, load regulation is its ability to give a 

constant output voltage for different load while line 

regulation is its ability to give a constant output voltage 

for varying input voltage. The major contributor to 

errors of a voltage reference is its initial error and 

temperature coefficient error. 

For an op amp, the input offset voltage error and the 
tolerance error of the resistors contributes the greatest 
effect. You can refer to Op Amps Basic module for 
these errors. 

Lastly, the DAC itself has its own errors. Examples of 
these errors are the INL error, gain error, offset error, 
temperature coefficient gain error. The errors stated 
may sometimes be grouped to get the total unexpected 
error (TUE). These errors have already been 
discussed in the DAC basic module.  

DAC Error Budget Calculator 

As mentioned in the previous section, a lot of factors 

contribute to the total noise in a signal chain. Doing a 

system error budget analysis is not a trivial task. 

The DAC Error Budget Calculator, or DEBC, is web 

tool under ADI’s Precision studio that offers the user a 

quick and easy way to do DC error budget analysis for 

their DAC signal chain. 

 

Figure 19. DAC Error Budget Calculator 

Using DEBC, select a type of DAC, a voltage output 

DAC, multiplying DAC, and 4 mA to 20 mA current 

source DAC. After choosing a DAC type, set the 

desired temperature range and the supply voltage 

ripple for the error calculation. After entering the 

desired values, the calculator generates a chart 

showing the error contributed by individual 

components in the signal chain as shown in Figure 19.  

DEBC makes it easier to build the precision DAC signal 

chain and rapidly analyze design trade-offs using 

different ADI parts. To know more about this tool, visit 

ADI Precision Studio and access the beta version of 

the DAC Error Budget Calculator. 

Interfacing with DACS 

SPI 

SPI or also known as Serial Peripheral Interface is 

among the widely used when interfacing 

microcontrollers and peripheral ICs which includes 

sensors, ADCs, DACs, and others. Refer to Figure 20, 

SPI is a Full duplex master-slave interface uses 

synchronous transmission. It is a 4-wire device and 

have 4 four signals namely: 

 Clock (SPI CLK, SCLK) 

 Chip Select (CS) 

 Master Out, Slave In (MOSI) 

 Master In, Slave out (MISO) 

https://tools.analog.com/en/precisionstudio/
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Figure 20. Master and Slave connection 

An SPI interface can have multiple slaves but only one 

master. In an SPI interface, the master generates the 

clock signal to synchronize the data transmission 

between the slave and the master. The chip select 

signal is normally an active low signal and it is used by 

the master to select the slave. When connecting 

multiple slaves, the master must have a separate chip 

select signal for each slave. On the other hand, MOSI 

and MISO are data lines. MOSI sends the data from 

the master (Master Out) to the slave (Slave In) using 

the SDI (Signal Digital In) while MISO sends the data 

from the slave (Slave Out) using the SDO (Signal 

Digital Out) to the master (Master In). 

Data Transmission 

SPI communication begins when the master generates 

a clock signal with logic 0 and selects a slave to be 

used by enabling its chip select signal since chip select 

is usually an active low signal. Through the MOSI and 

MISO lines and full-duplex interface of SPI, data can 

be simultaneously transmitted and received. For an 

SPI interface, the user may select either the rising or 

falling edge of the clock to sample and/or shift the data. 

SPI Mode 

The master can select the clock phase (CPHA) and 

clock polarity (CPOL). During the idle state, the CPOL 

sets the clock's polarity. The time when CS is high and 

transitioning to low at the start of the transmission and 

when CS is low and transitioning to high at the end of 

the transmission is referred to as the idle state. The 

CPHA bit, on the other hand, selects the clock phase, 

and the data is sampled and/or shifted using the rising 

or falling clock edge. The master must choose the 

clock's polarity and clock phase, as per the 

requirement of the slave. Table 2 tells the descriptions 

of different SPI modes. 

 

Table 2. SPI Modes 

SPI 
Mode 

CPOL CPHA Clock 
polarity 
in Idle 
State 

Clock 
Phase 
Used to 
Sample 
and/or shift 
the data 

0 0 0 Logic 
low 

Data is 
sampled on 
rising edge 
and shifted 
out on the 
falling edge 
 

1 0 1 Logic 
low 

Data is 
sampled on 
falling edge 
and shifted 
out on the 
rising edge 
 

2 1 1 Logic 
high 

Data is 
sampled on 
falling edge 
and shifted 
out on the 
falling edge 
 

3 1 0 Logic 
high 

Data is 
sampled on 
rising edge 
and shifted 
out on the 
falling edge 
 

 

Multi-slave configuration 

As discussed above, a master may be connected to 

multiple slaves. There are two ways to connect the 

slaves. It can be connected in regular mode or daisy-

chain mode. 

Regular SPI Mode 

For a regular SPI mode, each slave must have an 

individual chip select provided by the master device. 

The clock and data on the MOSI/MISO lines becomes 

available for the slave selected by the master when the 

chip select signal is enabled. A master device has no 
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way of determining which slave transmits data. 

Therefore, enabling multiple chip selects causes the 

data on the MISO line to be corrupted. 

 

 

Figure 21. Regular SPI Mode 

On a regular SPI mode, its significant disadvantage is 

the number of slaves that may be connected to the 

master. Increasing the number of slaves will require 

more chip-select lines from the master as shown in 

Figure 21. As a result, the number of slaves that can 

be attached to the master is limited. Using a multiplexer 

to generate a chip choose signal is one way to increase 

the number of slaves as shown in Figure 21. 

Daisy-chain Method 

In Daisy-chain method shown in Figure 22, the chip 

select of each individual slave is connected to a single 

chip select from the master. The slaves receive the 

same SPI clock from the master. The data being sent 

by the master is directly connected to the first slave 

only and data is propagated to the next slave. In this 

method, the number of clock cycles to transmit data to 

a specific slave is proportional to its position in the 

daisy chain. To give an example refer to Figure 23, 

supposed we have a system using 8-bits, 24 clock 

pulses are needed before the data is made available 

on the 3rd slave. In comparison, a daisy chain method 

requires 24 clock pulses while in regular mode, only 8 

clock pulses are needed. 

 

Figure 22. Daisy-chain Method 

Table 3: SPI Timing Parameters 

Spec name Definition 

tDS Time to setup between 
the data and the rising 
edge of the SCLK 
 

tDH Hold time between the 
rising edge of the SCLK 
and data 
 

tCLK One clock period 
 

tS Setup time between 
CSB and SCLK 
 

tH Hold time between CSB 
and SCLK 
 

tHI Minimum period that 
SCLK should be in a 
logic high state 
 

tLO Minimum period that 
SCLK should be in a 
logic low state 
 

tZ Maximum time delay 
between CSB 
deactivation and SDIO 
or SDO bus return to 
high impedance 
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SPI Timing 

Figure 24 show acceptable timing diagrams for an SPI 

interface. Some important timing parameters of the SPI 

timing is defined in  

Table 3. 

 

Figure 23. Data transmission using Daisy-chain 
method 

 

 

Figure 24. SPI Timing Diagram 

I2C 

I2C or also known as Inter-Integrated circuit uses two-

wire serial interface namely, serial data line (SDA) and 

serial clock line (SCL) that is connected to a common 

ground. The SDA is a bidirectional line, where the data 

is sent and received. SCL is a unidirectional serial line 

that generates the clock signal. As shown in Figure 25, 

pull-up resistors are used by the SCL and SDA lines. 

These pull-up resistors are the most important 

hardware parts of I2C. Devices using I2C interface 

connect to the bus using the open collector or open 

drain pins, pulling the line to a LOW state. The I2C bus 

lines are passively pulled high to a HIGH state during 

idle when there is no data to be transmitted. 

 

 
Figure 25. I2C Interface 

Data Transmission Protocol 

In an I2C data transmission, data packets are 
transmitted in 8-bit bytes. These 8-bit bytes includes 
the slave address, register number and data to be 
transmitted. The transmission operation may either be 
read or write. Shown in, is a read operation. The 
master device is attempting to read data from the slave. 
The transmission begins when the master initiates a 
start condition. During the start condition, the SDA line 
at HIGH state transitions to LOW state while the SCL 
is in HIGH state. The master then sends an address 
byte which refers to a unique address of a slave. The 
first 7 bits of the address byte is the address, and the 
8th bit is the READ/WRITE bit. A LOW designates 
WRITE and HIGH for READ. Acknowledge bit (ACK) is 
sent by the receiving device after each byte 
transmission. Acknowledge bit is generated when SDA 
line is LOW and Not Acknowledge (NACK) bit is 
generated when SDA line is HIGH. An ACK bit 
indicates that the byte was successfully transferred 
and received, but a NACK bit indicates that an error 
occurred during transmission. After sending an 
Acknowledgement, the slave transfers the data byte to 
the master along the SDA line. If the master wishes to 
accept data, it transmits an ACK bit after the final byte; 
if the master does not want to receive data, it sends a 
NACK bit after the last byte. Then the transmission 
comes to a complete stop. During this scenario, the 
SDA line, which is currently in the LOW state, 
transitions to the HIGH state, while the SCL remains in 
the HIGH state.  

I2C Timing 

I2C transfers data over different speeds. For standard 

mode it transfers data in 100kbits/s, 400kbits/s in Fast 

Mode, 1Mbits/s in Fast Mode Plus, and up to 

3.4Mbits/s in High-Speed Mode. Table 4 shows the 

timing characteristics of AD5675. 

 

https://www.analog.com/en/products/ad5675.html
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Table 4. AD5675 Timing Characteristics 

Param
eter1  

Min Max U
nit 

Description 

t1 2.5  µs SCL cycle time 
 

t2 0.6  µs tHIGH, SCL high 
time 
 

t3 1.3  µs tLOW, SCL low 
time 
 

t4 0.6  µs tHD,STA, 
start/repeated 
start hold time 
 

t5 100  µs tSU,DATA, data 
setup time 
 

t62 0 0.9 µs tHD,DATA, data 
hold time 
 

t7 0.6  µs tSU,STA, repeated 
start setup time 
 

t8 0.6  µs tSU,STO, stop 
condition setup 
time 
 

t9 1.3  µs tBUF, bus free 
time between a 
stop condition 
and a start 
condition 
 

t10
3 0 300 ns tR, rise time of 

SCL and SDA 
when receiving 
 

t11
3 20 + 

(0.1CB
4) 

 ns tF, fall time of 
SCL and SDA 
when 
transmitting/rec
eiving 
 

t12 20  ns  pulse width 
 

t13 400  ns SCL rising edge  
rising edge 
 

t14 8  ns  minimum pulse 
width low, 

1.62V ≤ VLOGIC ≤ 
2.7V 
 

 10  ns  minimum pulse 
width low, 2.7V 
≤ VLOGIC ≤ 5.5V 
 

t15 90  ns  activation time, 
1.62V ≤ VLOGIC ≤ 
2.7V 
 

 90  ns  activation time, 
2.7V ≤ VLOGIC ≤ 
5.5V 
 

tSP
4 0 50 ns Pulse width of 

suppressed 
spike 
 

CB
4  400 pF Capacitive load 

for each bus 
line  

 

Figure 26 shows the two-wire serial interface timing 

diagram. Some sections that are included in this timing 

diagram will be discussed. 

 

Figure 26. I2C Timing Diagram 

Rise and Fall times 

Rise time is the time it takes to go from 30% to 70% of 

the amplitude, while fall time is the time it takes to go 

from 70% to 30% of the amplitude. From Table 4, t10 

and t11 are the rise and fall times, respectively. 

Setup and Hold Time for Start Condition 

Setup time for Start Condition, is the minimum time 
required for the SDA line to maintain a high state 
before initiating a repeated start.  This timing 
specification is only considered during a repeated start 
condition. 

The Hold Time for Start Condition is the amount of time 
the data should be low before the SCL dips low. It is 
the time it takes for SDA to go from HIGH to LOW at 
30% amplitude to SCL going from HIGH to LOW at 

https://www.analog.com/en/products/ad5675.html
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70% amplitude. t7 and t4 is the setup and hold time for 
the start condition, respectively. 
 

Setup for Stop Condition 

Setup time for Stop Condition is measured as the time 

between 70% amplitude of the rising edge of SCL and 

30% amplitude of a rising SDA signal during a stop 

condition. Setup for Stop Condition is denoted as t8. 

Setup Time for Data 

Setup time for data is the minimum amount of time 

required for the SDA to be at a stable level before the 

SCL begins to transition. It is measured from 70% of 

the SDA amplitude to 30% of the SCL amplitude. Set 

up time for data is denoted as t5 in the timing diagram. 

Buffer time 

Buffer time is the availability of the bus between the 

stop and start conditions, allowing other devices to 

have a data transmission if a free bus is detected.  This 

as a minimum required bus free time. The buffer free 

time is denoted as t9 in the timing diagram. 

DSPI, QSPI and DDR 

The common max clock frequency of SPI is 50 MHz 

Due to the limited speed of the SPI and I2C protocols, 

engineers have created other protocols to increase the 

speed and add more memory. 

Dual SPI – compared to the normal SPI, DSPI has 2 

bidirectional data lines which may either be an input or 

output as shown in Figure 27. In this mode, 

consecutive bits are grouped into two and sent serially. 

 

 

Figure 27. Dual SPI Mode 

Quad SPI – QSPI is a modified SPI protocol which has 

4 bidirectional data lines as shown in Figure 28. Quad 

SPI Mode. The 4 data lines act as inputs and outputs. 

The addition of 2 more data lines makes the QSPI 

faster than the traditional SPI. In this mode, 

consecutive bits are grouped into four and sent serially. 

 

Figure 28. Quad SPI Mode 

Double Data Rate – in traditional data transmission, 
the data line changes during the rising edge or falling 
edge of the clock. This is referred as Single Data Rate 
mode. On the other hand, DDR the value on the data 
line changes during the rising and falling edge of the 
clock allowing 2 bits to be transmitted per clock cycle 
therefore doubles the speed of the transfer of data. 
Figure 29 shows a QSPI Mode DDR.  
 

 

Figure 29. Quad SPI Mode DDR on a 24-Bit Register 

To give a comparison of the speed of each protocol, 

the update time is computed assuming we have 8 

address bits and 16 data bits. Refer to Table 4 for the 

timing characteristic of AD3552. 

 

Figure 30. Classic SPI SDR 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑡𝑖𝑚𝑒 = 𝑡2 + 𝑡1(𝑁 − 1) + 𝑡3 + 𝑡6 = 374.6 𝑛𝑠 

https://www.analog.com/media/en/technical-documentation/data-sheets/ad3552r.pdf
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Figure 31. Classic SPI DDR 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑡𝑖𝑚𝑒 = 𝑡2 + 15𝑡1 +
𝑡1

2
+ 𝑡3 + 𝑡6 = 260.6 𝑛𝑠 

 

Figure 32. DSPI SDR 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑡𝑖𝑚𝑒 = 𝑡2 + 15𝑡1 + 𝑡3 + 𝑡6 = 253 𝑛𝑠 

 

Figure 33. DSPI DDR 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑡𝑖𝑚𝑒 =  𝑡2 + 11𝑡1 +
𝑡1

2
+ 𝑡3 + 𝑡6 = 199.8 𝑛𝑠 

 

Figure 34. QSPI SDR 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑡𝑖𝑚𝑒 =  𝑡2 + 𝑡1 (
24

4
− 1) + 𝑡3 + 𝑡6 = 101 𝑛𝑠 

 

Figure 35. QSPI DDR 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑡𝑖𝑚𝑒 = 𝑡2 + 𝑡1 (
8

4
) + 𝑡1 (

16

4 ∗ 2
− 1) + 𝑡3 + 𝑡6

= 78.2 𝑛𝑠  

Based on the obtained results, the protocol with the 

fastest speed is the QSPI DDR while the slowest is 

Classic SPI SDR as shown in Table 5. 

Table 5. Summary of Interface Time using 
Different Protocols 

Protocol Interface time 

Classic SPI SDR 374.6 ns 
Classic SPI DDR 260.6 ns 
DSPI SDR 253 ns 
DSPI DDR 199.8 ns 
QSPI SDR 101 ns 
QSPI DDR 78.2 ns 

Common DAC Registers + Special Features 

Common DAC Registers 

The best course of action is to always check the 

specific products’ datasheet for detailed information 

regarding their registers and features. We’ll try to go 

over the common registers found in ADI’s DACs. The 

AD5755-1 is used as an example for discussion. 

Register Format – In AD5755-1, the input register is 

24 bits wide. Another 8 bits is added, total of 32 bits, 

when packet error checking is enabled.  

https://www.analog.com/media/en/technical-documentation/data-sheets/ad5755-1.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5755-1.pdf
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Register structure would differ with devices. In the 

AD5755-1, the 24-bit wide input register structure has 

bit assignment as shown in Figure 6.  

Figure 36. AD5755-1 DAC data bits 

Bit D23 (R/) indicates whether a read or a write is to be 

performed. 

Bit D22 & D21 (DUT_AD[1:0]) is used to determine the 

device address in conjunction with the address pins 

AD0 and AD1. It allows for up to 4 AD5755-1 devices 

to be on the same bus. 

Bit D20 to D18 (DREG[2:0]) selects which register is to 

be accessed. The register list is provided in the product 

datasheet. 

Bit D17 to D16 (DAC_AD[1:0]) is used to decode the 

DAC addressed DAC channel which allows for 

individual channel configuration. In the AD5755-1, 

there are 4 DAC channels that can be configured. 

Bit D15 to D0 are the 16-bit length DAC data bits.  

DAC data register DREG[2:0] = 000 – This register 

contains the code that configures the DAC core and 

translates to the output. The code to output relationship 

is usually given by a transfer function as shown below.  

𝑂𝑢𝑡𝑝𝑢𝑡 =  
𝑉𝑟𝑒𝑓

2𝑁𝑜.  𝑜𝑓 𝑏𝑖𝑡𝑠
∗ 𝐷𝐴𝐶 𝐶𝑜𝑑𝑒 

DAC input register – some of ADI’s precision DACs 

have this register. It also contains data for the DAC 

core but unlike the DAC Data Register 

Offset register – for the AD5755-1 16-bit offset 

register, it allows the user to adjust the offset of each 

channel.  

Gain register – it is 16-bit gain register which allows 

the user to adjust the gain in steps of 1LSBs 

Control Register – special features of a DAC are often 

found in the control register.  

Special Features 

Listed below are some of the special features of ADI’s 

DACs: 

LDAC – it controls the updates to the DAC register and 

consequently the DAC outputs. In some devices, 

LDAC is available as a pin while in others, it is a special 

register that can be programmed. This feature can be 

used to allow multiple DAC devices, or multiple 

channels within a single device, to be updated 

synchronously or asynchronously depending on the 

state of the LDAC pin or bit. 

Power down/power up – this feature is used 

whenever DAC outputs are needed to be disabled 

reduce the supply current during power-down mode. 

The common power modes offer pull-down to 1 kΩ or 

100 kΩ, and tristate or high impedance. Powering up a 

DAC channel varies with devices. It could either be 

setting the power mode to normal mode or by issuing 

a valid DAC update write. It is best to check the specific 

section on the devices’ datasheet.  

Software Reset – it resets the DAC to power-on reset 

code. Some devices offer a pin toggle option while 

others use register writes or both. It offers convenience 

of resetting a DAC without having to reset the entire 

system.  

POR – Power on reset is a feature that assures the 

user of the DAC output state during power on or 

unintended power reset. Some devices have a fixed 

POR state, while other can be configured by pin-

strapping or special registers. For DACs, the common 

POR settings are power on to zero-scale or mid-scale. 

On others, even power-on to full-scale output is given.  

Toggle – this feature allows the DAC output to toggle 

or switch between two output levels using two input 

registers. In a toggle operation shown in Figure 377, 

unique codes are stored to Register A and Register B. 

The MUX determines which input register is latched 

into the DAC register 

 

Figure 377. DAC Toggle Operation 

Digital Dither – allows for generating a sinusoidal 

dither signal on the DAC outputs by providing a digital 

https://www.analog.com/media/en/technical-documentation/data-sheets/ad5755-1.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/ad5755-1.pdf
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dither input. The LTC2688 includes such feature and 

even the frequency, amplitude and offset of the output 

signal can be configured using the DAC registers. An 

example of digital sinusoids generated using the dither 

function is shown in Figure 388. 

 

Figure 388. DAC Output with Digital Dither Function 

Fault – Fault detection is famous value-add feature 

especially in industrial and instrumentation 

applications. It offers space saving for the customer by 

removing the need for additional hardware fault 

detection circuits. The most common faults are over-

temp, open circuit in current output mode, short circuit 

in voltage mode or packet error checking or PEC. 

CRC – is also known as cyclic redundancy check and 

is a common method used in PEC. It is a method that 

sends checksum for each packet data transmitted. The 

receiver indicates if there are problems that occurred 

during transmission. An example is the CRC-8 which 

sends 8-bit checksum when applied to a 24-bit word 

combining to 32 bits to be transmitted. Figure 399 

shows 24 bits of data being transmitted with packet 

error checking. 

 

Figure 399. 24-bit Data with PEC 

Monitor Mux – is a feature, commonly found in multi-

channel DACs, that allows for monitoring certain points 

within the DAC. Some the common points of 

measurement are internal die temperature and voltage 

or current outputs. 

Additional DAC topics 

HART Overview 

The highway addressable remote transducer (HART) 

is the global standard when transmitting and receiving 

digital information through an analog wire enabling the 

means to create “smart” transmitters due to its added 

digital communication capability. HART addresses the 

need to measure, control, and communicate with 

equipment and machinery that is separated by a 

significant distance. HART uses bidirectional 

communication and utilizes the use of 4-mA-to-20mA 

analog wire to carry data. The 4-mA-to-20mA is used 

due to its robustness, reliability, and high immunity to 

environmental noises at long distances. The downside 

of using this type of analog wire is that for a single loop, 

only one process variable can be transmitted because 

it only allows one-way communication from a sensor to 

an actuator. HART communication employs the 

technique known as frequency-shift keying (FSK). 

Theory of Operation 

Figure 40 shows the block diagram of the AD5700-1 

complete HART modem IC. The HART Modem IC has 

two paths: transmit path and the receive path.  

 

Figure 40. AD5700-1 Block Diagram 

The transmit path includes the FSK DDS engine, DAC, 

and a buffer. In the transmit path, the data arrives 

through the UART interface. Bringing the 𝑅𝑇𝑆 ̅̅ ̅̅ ̅̅ to low 

https://www.analog.com/media/en/technical-documentation/data-sheets/ltc2688.pdf
https://www.analog.com/en/products/ad5700-1.html
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signal will enable the modulator. The data transmitted 

is a binary sequence converted to 1200 Hz and 2200 

Hz carrier signals. The 1200 Hz represents digital 1 or 

Mark while 2200 Hz represents digital 0 or Space as 

shown in Figure 41. The DDS produces the two sine 

wave signals in digital form in either of the two 

frequencies. The DAC then converts it to an analog 

sine wave with approximately 493 mVp-p value. The 

internal buffer on the HART_OUT eliminates the need 

for an external buffer because the internal buffering 

results in high driving capability. 

 

Figure 411. Mark and Space Frequencies 

On the receive path, setting the 𝑅𝑇𝑆̅̅ ̅̅ ̅ to a logic high will 

enable the modulator and disable the demodulator. 

The signal to be demodulated is the FSK modulated 

signal on the HART_IN. In this path, the relevant blocks 

are the band-pass filter, ADC, and the DSP. The CD 

pin (carrier detect) is set to high when a valid carrier is 

detected. The demodulated data is then transmitted to 

the receiving end through the UART interface's RXD 

pin. 

Direct Digital Synthesis 
DDS is a method for producing an analog waveform by 

generating a time-varying signal in digital form and 

then converting it to analog form with a DAC. 

Figure 422 shows the components of a DDS. The DDS 

produces a sine wave at a given frequency which is 

dependent on the frequency of the reference-clock and 

the binary number programmed into the tuning word. 

The binary number is the main input to the phase 

accumulator. When a sine look-up table is used, the 

phase accumulator computes a phase address for the 

look-up table. The phase-to-amplitude converter 

converts the phase to its digital value of the amplitude 

then the DAC converts it to its corresponding analog 

voltage or current value. A complete DDS is the 

integration of DAC and DDS in a single chip. This 

property is common to all DDS devices from ADI. 

 

Figure 422. Direct Digital Synthesizer 

Specifications 

Some important parameters of the AD5700 are the VCC 

and IOVCC current consumption, load regulation, CD 

Assert, HART_OUT output voltage, mark/space 

frequency and phase continuity error. First, the VCC 

and IOVCC current consumption indicates the total 

summation of current consumption of VCC and IOVCC. 

Load regulation refers to the change in reference 

output voltage when a change in the load current 

occurs and is expressed in ppm/µA. CD Assert gives 

minimum and maximum value where the carrier detect 

signal asserts and it is expressed in mVp-p. HART_OUT 

output voltage indicates its voltage peak-to-peak value. 

The mark and space frequency represents digital 1 and 

digital 0 respectively. Lastly, a DDS inherently 

generates continuous phase signals, therefore the 

phase continuity error must be 0 degrees. 

Self - Check Questions 
1. Could I combine two channels of an IDAC to 

achieve higher current output?  

2. The datasheet of this Vout DAC has specified rail-
to-rail performance on the output but when I 
loaded a few milliamperes of current at the rail, the 
output showed significant drop in voltage. Why is 
this ?  

3. I2C is known for communicating to different 
devices with only one controller and two bus. What 
timing characteristics that should be considered 
for this to properly work ? 

https://www.analog.com/en/products/ad5700.html
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4. If given a task to create a sine wave with a desired 
frequency and amplitude, give atleast two 
specifications that should be considered and why? 
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