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1. General approach to ADCs 

 Block diagram of four ADCs connected to the DSP managed by the microcontroller 

 
Figure 1:  3-phase, 4-Wire Meter with three ADE7933 devices and one ADE7978 DSP 

 

 ADC functional blockdiagram 

 
Figure 2: ADE7933 Functional Block Diagram 
 

 



5 
©Wesley Cottegnie 

 ADE7913 Overview : Isolated 3-Channel Sigma-Delta ADC with SPI 

� 3 channel 24-bit ADC (simultaneously sampling with 3 ADE7913 ADC’s possible) 

� Up to 4 devices clocked on external clock 

� Current channel = ±31,25mV nom. peak input range   (± 5.320.000) 

� Current channel = ±49,27mV max. peak input range   (23bit = -8.388.608 tot +8.388.607) 

� Voltage channel = ±500mV nom. peak input range (± 5.320.000)  

� Voltage channel = ±788mV max. peak input range (23bit = -8.388.608 tot +8.388.607) 

� Voltage channel = 0,991 V/mV = 0,000991 V/µV = 0.000000991 V/nV 

� Current channel = 0,5 A/mV = 0.0005 A/µV = 0.0000005 A/nV 

� Limit violation = digital LPF overflows which results in added harmonics due to the saturated 

code from this LPF output. 

� Internal reference = 1,2V 

� Single PS = 3,3V 

� 20-SOIC 

� -40°C to +85°C 

� 24-bit signed 2’s complement words  

� 24 bits words generated @ 8ksps 

� XTAL in = 16.384Mhz 

� Samplerate (oversampling) = CLKIN/16 = 16,384Mhz / 16 = 1024Mhz 

� Noise shaping + anti-aliasing 

���	����	
���	������
 �	����	�����	��������2!�"#$�� � 	788 ' 10*+2,+ � 93,93692017	�1/"#$ 
34�	����566���	������
 �	����	�����	��������2!�"#$�� � 	500 ' 10*+5.320.000 � 93,98496241�1/"#$ 
���	����	
���	������
 �	����	�����	��������2!�"#$�� � 	49,27 ' 10*+2,+ � 5.873441696	�1/"#$ 
34�	����566���	������
 �	����	�����	��������2!�"#$�� � 	31.25 ' 10*+5.320.000 � 5.874060150�1/"#$ 
 

 BITS 24 

UNSIGNED 
MAX 

16777215 

UNSIGNED MIN 0 

SIGNED MAX 8388607 

SIGNED MIN -8388608 
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 Voltage channel: ADC transfert characteristics 

 

 Current channel: ADC transfert characteristics 
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 Design Targets 

Range = 20A 

∆i = 2mA 

Rshunt = 2mΩ 

 Actual specification of ADE7933 with Rshunt = 2mΩ  

� Ugrid-peak with guaranteed specification = 495,5V 

� Ugrid-peak (ADC limit) = 780,908V 

� Igrid-peak with guaranteed specification = 16A 

� Igrid-peak (ADC limit) = 24,635A 

� Hardware maximum current = 30A 

 Three-Phase, Four-wire, Wye distribution system 

 
Figure 3: typical setup for ADE7978/ADE7933 
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2 General approach to the ADC resolution? 

With this project we aim to move toward a higher resolution delta-sigma ADCs for voltage- and current 

sensing through shunt resistors. Besides a wide current range of 30A we want to be able to measure 

leakage flows with a high resolution. We aim at current measurements wit 5mA steps of resolution with 

a reasonable precision. A lot will depend on the total amount of noise in the system. All analog to 

digital conversions introduce a certain amount of noise into an electronic system. A number of factors 

are inherent to any ADC. For example, quantization noise is generated by the ADC conversion from 

analog to discrete steps because of the difference between the analog input signal and the discrete 

representation at the output of the ADC . We also have to be careful not to exceed the ADC limits 

because then noise is introduced due to the saturation of the ADC (=satuartion noise). Also and always 

present is the thermal noise (=Johnson noise) wich is generated by the thermal agitation of the charge 

carriers inside every electrical conductor. Thermal noise is present in every electrical ciruit, indepenant 

of any applied voltage. We also have to consider the external noise sources injected from radiating 

and/or conducting sources outside the electronic measurement system, especcially the ADC input has 

tob e designed with care. The latter can be reduced to a minimum by correct design of the PCB and 

power source according to the EMC guidelines for PCB design.  

 

Parameters such as effective resolution, noise-free resolution, ENOB, SINAD, SNR specifically describe 

how accurate an ADC exactly is. The other kinds of noise are not considered for now. SNR, SINAD 

and ENOB measure the ADC’s dynamic performance. 

 The effective resolution 

The effective resolution and noise-free resolution measure the ADC’s noise performance at DC. So 

spectral distortion is not factored. (THD, SFDR) 

effective	resolution � 	 log, Gfull H scale	input	voltage	rangeADCNOPQRSTU V 
effective	resolution � 	 log, G VXYVNOPQRSTUV 
 

The effective resolution should not be confused with ENOB. The methodolgy for measuring ENOB 

uses an FFT analysis of a sine-wave input tot he ADC. 

 The noise-free resolution 

noise H free	resolution � 	 log, Gfull H scale	input	voltage	rangeADCZZQRSTU V 
noise H free	resolution � 	 log, G VXYVZZQRSTUV 

 ENOB 

ENOB � log, _`abb*cdebf	XYgah	ijbhekf	leYkfmnopqrQRSTU'	√t, u  
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 SINAD 

SINAD � _RMS	input		voltageRMS	noise	voltageu 
 RMS noise 

RMS	noise � 	 1M z{ Em|O�}O�,
O*t
~��

�	 
Em|O�FM�	 � averaged	magnitude	spectral	component	at	a	given	discrete	frequency	after	DFT 
 

3 Datasheet ADE7933 

 Noise and distortion specifications page 8 and 9 
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Figure 4: ADE7933 datasheet 
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4 Quantification principles 

 Practical approach to quantification of ADC devices 

Generalized Test Setup for FFT Analysis of ADC Output 

There are a number of ways to quantify the distortion and noise of an ADC. All of them are based on 

an FFT analysis using a generalized test setup:

 
Figure 5:Generalized test setup for FFT analysis 

 Popular specifications for quantifying the ADC dynamic performance 

SNR  signal-to-noise ratio 

SINAD signal-to-noise-and-distortion ratio 

ENOB  effective number of bits 

THD  total harmonic distortion 

THD+N total harmonic distortion + noise 

SFDR  spurious free dynamic range 

 

Most ADC manufacturers have adopted the same definitions for these specifications. They can be used 

for comparing different ADCs. It is important to: 

� understand exactly what is being specified 

� understand the relationship between these specifications 

 Parameters of sampling and FFT  

Total frequency range covered is dc to fs/2 

� fs = samplerate (Hz, samples/s, KSPS, MSPS) 

� fs/2 = Nyquist bandwidth 

� Spectral output of FFT =  series of M/2 points in the frequency domain 

� M = Size of the FFT = number of samples stored in the buffer memory 

� fs/M = spacing between these M points = width of each frequency ”bin” = resolution of the FFT 

� Theoretical noise floor = theoritical SNR + FFT process gain 

� FFT process gain = 10xlog(M/2) 

 Important 

The value for noise used in the SNR calculation is the noise that extends over the entire Nyquist 

bandwidth (dc to fs/2), but the FFT acts as narrowband spectrum analyzer with a bandwidth of fs/M 

that sweeps over the spectrum. This has the effect of pushing the noise down by an amount equal to the 

process gain. This is the same effect as narrowing the bandwidth of an analog spectrum analyzer. 
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Figure 6: FFT Output for ideal 12-bit ADC, input = 2.111Mhz, fs = 82MSPS, Average of 5 FFTs, M=8192 

 FFT output 

An FFT is can be compared to an analog spectrum analyzer that measures the amplitude of the 

harmonics and noise components of a digitized signal. The harmonics of the input signal can be 

distinguished from other distortion products by their location in the frequency spectrum. Here we see a 

7MHz input signal sampled at 20 MSPS and the location of the first 9 harmonics. 

 
Figure 7 : Location of distortion products: Input Signal = 7MHz, Sampling rate = 20MSPS 

 

Aliased harmonics of fa fall at frequencies equal to |±K.fs ± n.fa|  

K = 0, 1, 2, 3, …  

n = order of the harmonic (harmonic = multiple of base frequency) 

The 2nd and 3rd harmonics are generally the only ones specified on a data sheet because they tend to be 

the largest, altough some data sheets may specify the value of the worst harmonic. 

 

 



6 
©Wesley Cottegnie 

 Matlab example (without aliased harmonics) 

>> Fs = 20000000; 
f = 7000000; 
t = 0:1/Fs:1;  
x = tanh(sin(2*pi*f*t)+0.1) + 
0.001*randn(1,length(t)); 
periodogram(x,kaiser(length(x),38),[],Fs,'power') 
 

 

 Total harmonic distortion (THD) 

THD = the ratio of the mean value of the root-sum-square of its harmonics to the fundamental signal. 

Harmonic distortion is normally specified in dBc (decibels below carrier), altough in audio applications 

it may sometimes be specified as a percentage. Harmonic distortion is generally specified with an input 

signal near full-scale (generally 0.5 to 1 dB below full-scale to prevent clipping), but it can be specified 

at any level. For signals much lower than full-scale, other distortion products due to the differential 

nonlinearity (DNL) of the converter - not direct harmonics - may limit performance. 

Only the lowest 5 harmonics are significant. 

 

The THD can be calculated with n harmonics included  

THD��� � 20 ' log �|�pqr� �|�pqr� �|�pqr� �⋯�|Qpqr�
|�pqr� 	�  when n = 1 = fundamental frequency 

THD��� � 20 ' log
�
��V,pqr, � V+pqr, � V�pqr, �⋯� VYpqr,

Vtpqr	 �
� 

 

The THD can also be calculated with all harmonics included 

THD��� � 20 ' log �VNOP, H Vt,Vt, � 

THD��� � 20 ' log ��∑ VY	NOP,�Y�,Vt  	
 

 Total Harmonic Distortion + Noise (THD +N) 

THD + N = the ratio of the mean value of the root-sum-square of its harmonics plus all noise 

components. (excluding dc) to the fundamental signal. The BW over which the noise is measured must 

be specified. In the case of an FFT, the bandwidth is dc to fs/2. If the BW of the measurement is dc to 
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fs/2(=Nyquist BW), then THD+N = SINAD  � Be warned, the measurement BW may not 

necessarily be the Nyquist BW. 

 Spurious free dynamic range (SFDR) 

SFDR = the ratio of the rms value of the signal to the rms value of the worst spurious signal 

regardless of where it falls in the frequency spectrum. The worst spur may or may not be a harmonic of 

the original signal. SFDR is an important specification in communications systems because it represents 

the smallest value of signal that can be distinguished from a large interfering signal (blocker). SFDR can 

be specified with respect to full-scale (dBFS) or with respect to the actual signal amplitude (dBc). The 

definition of SFDR is shown graphically in Figure 4. 

 
Figure 8: Spurious Free Dynamic Range (SFDR) 

 SINAD, SNR and ENOB 

SINAD is a good overall dynamic performance of an ADC because it includes all components which 

make up noise and distortion. SINAD is often shown for different input amplitudes and frequencies. 

For a given frequency and amplitude, SINAD is equal to THD + N, provided the BW for the noise 

measurement is the same for both (=Nyquist BW)  

 
Figure 9: 12-bit, 65MSPS ADC SINAD and ENOB for various Input Full-Scale Spans (Range) 

 

The figure shows that the ac performance of the ADC degrades due to high-frequency distortion and is 

usually plotted for frequencies well above the Nyquist frequency so that performance undersampling 
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applications can be evaluated. SINAD is often converted to ENOB (effective-number-of-bits) using the 

relationship for the theoretical SNR of an ideal N-bit ADC: 

 SNR � 6.02N � 1.76dB	
 

The equation is solved for N, and the value of SINAD is substituted for SNR: 	ENOB � P¡¢mn*t.£¤¥¦¤.�,     

(this equation assumes fullscale input signal) 

 

Note that the last equation assumes a full-scale input signal. If the signal level is reduced, the value of 

SINAD decreases, and the ENOB decreases. It is necessary to add a correction factor for calculating 

ENOB at reduced signal amplitudes as shown in this formula : 

 

ENOB � SINAD§��¨56�� H 1.76dB � 20	log	�©��������	�ª«�#$�¬�#�«�$	�ª«�#$�¬� �
6.02  

 

The correction factor essentially "normalizes" the ENOB value to full-scale regardless of the actual 

signal amplitude. Signal-to-noise ratio (SNR, or sometimes called SNR-without-harmonics) is 

calculated from the FFT data the same as SINAD, except that the signal harmonics are excluded from 

the calculation, leaving only the noise terms. In practice, it is only necessary to exclude the first 5 

harmonics, since they dominate. The SNR plot will degrade at high input frequencies, but generally not 

as rapidly as SINAD because of the exclusion of the harmonic terms.   

  

A few ADC data sheets somewhat loosely refer to SINAD as SNR, so you must be careful when 

interpreting these specifications and understand exactly what the manufacturer means.   

 Mathematical relationship between SINAD, SNR an THD 

There is a mathematical relationship between SINAD, SNR, and THD (assuming all are measured 

with the same input signal amplitude and frequency. In the following equations, SNR, THD, and 

SINAD are expressed in dB, and are derived from the actual numerical ratios S/N, S/D, and S/(N+D) 

as shown below: SNR � 20log ®!¯  °±² � 20�³� ®́¯  �µ3�² � 20�³�  ®!�´¯ 

 

¢P � 10¶r·p�¸    
nP � 10¶¹º»�¸    

¢�nP � 10¶r¼·½»�¸  

 

N � DS � G�NS�
, � �DS�

,V
t, �	 G�10*®!¾,� �, � �10*¿À´,� �,V

t, �	 _10*®!¾t� � 10*¿À´t� ut, 

 

SN � D � 	 _10*®!¾t� � 10*¿À´t� u*t, 
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SINAD � 20log  ®!�´¯ � H10�³� _10¶ÁÂÃ�¸ � 10¶ÄÅÆ�¸ u = SINAD as function of SNR and THD 

SNR � 20log P¢¯ � H10�³� _10*ÁÇÂÈÆ�¸ H 10*ÄÅÆ�¸ u  = SNR from SINAD and THD 

THD � 20log Pn¯ � H10�³� _10*ÁÇÂÈÆ�¸ H 10*ÁÂÃ�¸ u = THD from SINAD and SNR 

 

It is important to emphasize that these relationships hold true only if the input frequency and 

amplitude are equal for all three measurements. 

5 Quantification principles applied on the ADE7933 

 ADE7933 parameters for quantification of noise and distortion 

Channels Voltag
e 

Current 

BW(-3dB) 3,3kHz 3,3kHz 

SNR 75dB 67dB 

SINAD 74dB 67dB 

THD -81dB -85dB 

SFDR 81dBFS 88dBFS 

ENOB Practical (@23-bits) 12 bits 10,84 bits 
Figure 10: quantifying parameters 

 Calculation of ENOB 

Effective number of bits is a parameter of the ADC’s dynamic range. The number of bits used for 

storing a sampled analog point is the resolution. We can represent 2! discrete signal levels with N-bits. 

 

ENOB is based on the equation for an ideal ADC’s SNR: 

 

    SNR = 6.02 × N + 1.76 dB               (N = ADC’s resolution)  

 

A real world ADC never achieves this SNR due to its own noise and errors. You can rearrange the 

equation to calculate an ADC’s effective N, or ENOB as we commonly call it: 

 ENOB � P¡¢mn*t.£¤¥¦¤.�,     

 Voltage channel ENOB distracted from specified parameters 

ENOB � £�¥¦*t.£¤¥¦¤.�, � 12	"#$�    

 Current channel ENOB distracted from specified parameters 

ENOB � ¤£¥¦*t.£¤¥¦¤.�, � 10,84	"#$�    
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6 The hardware 

 AC power cord (link) 

 

 Eight 32A/1kV cables with secure male connector were constructed (cable surface = 4mm²) 

 

 Eight 32A/1kV female connector mounted in a case (link) 
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 High Efficiency Switching Power supply RS25-12 – Mean Well (link) 

Single output – 12V/25W/2.1A 

 

 

 

 Painted case in fireproof material 
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 84Mhz Atmel SAM3X8E ARM Cortex-M3 CPU 32-bit ARM microcontroller 

 

 600Mhz ADSP-BF527: high performance 32-bit Blackfin embedded processor core 

 

 Shunt resistor set mounted on PCB design for >30A 

SMD 3921 0.002ohm 1% 4W Shunt Res AEC-Q200 75 PPM/C 

 

 
 

 
 

 30A – Fast fuses 

250VAC 30A .00913ohms 463 NANO2  
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 PCB with 4 shunt resistors of 2mΩ mounted on 2 x 75µm two sided FR4 material 

The devices pass Class B CISPR22/EN-55022 standard specification with a sufficient margin only with 

a 4-layer PCB. 

 

 3.0 CFM cooling fan for case cooling 

DC Fan, 25x10mm, 12VDC, 3CFM, 0.36W, 16dBA, 9600RPM, 0.18inch H2O,  

Vapo Bearing, MagLev Motor. Rated current: 30 mA / max. 35 mA 

Rated power consumption: 360mW / max. 420mW  

Air flow: 3.0 CFM 

 

 Flatcable for external configuration of the DSP 

 

 Extend PCB with additional SMD components for additional filtering and powering 
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 Printed Circuit Board: 3 x ADE7933 + 1x ADE7978  

 

 Front panel 

  
 



15 
©Wesley Cottegnie 

 Backpanel 

 

 
 

 

 PCB mounted in case 
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7 The software 

 1973 Registers 

The ADE7978 Digital Signal Processor contains 1973 registers related to functionality, configuration 

and power quality measurements. Depending on its function, a register can be read only, write only or 

a combination of read/write. The word length of the DSP RAM registers consist of 32 bits, but the 

relevant data can vary from 8, 16, 24 to 32 bits depending its function. Some registers contain signed 

data and others contain unsigned data. Some values are formatted as twos complement numbers. It is 

important to take this into account when interacting with the registers. 

 General classification of the registers 

• 128 registers are allocated to the DSP Data Memory RAM  

• 38 registers are allocated to the Internal DSP Memory RAM 

• 15 registers are assigned as Billable Registers 

• 1792 registers are used as Configuration and Power Quality Registers 

 Register Terminology 

R = read only 

R / W = read and write 

N / A = not applicable 

 

32 ZPSE = 24-bit signed register that is transmitted as a 32-bit word with four MSBs padded with 0s 

and sign extended to 28 bits. 

 

32 ZP = 28- or 24-bit signed or unsigned register that is transmitted as a 32-bit word with four MSBs 

or eight MSBs, respectively padded with 0s. 

 

S = signed register in twos complement format 

SE = sign extended to 28-bits 
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 Register overview  

7.4.1 Registers located in DSP Data Memory RAM (#128) 
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7.4.2 Internal DSP Memory RAM registers (#38) 

 

7.4.3 Billable Registers (#15) 
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7.4.4 Configuration an Power Quality Registers (#1792 – Address range: 0xE500 to 0xEBFF) 
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7.4.5 IPEAK (Address 0xE500  – Length 32 bits) 

 

7.4.6 VPEAK (Address 0xE501  – Length 32 bits) 
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7.4.7 STATUS0 Register (Address 0xE502 – Length 32 bits) 

 
 

 

 

 



26 
©Wesley Cottegnie 

7.4.8 STATUS1 Register (Address 0xE503 – Length 32 bits) 
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7.4.9 MASK0 Register (Address 0xE50A – Length 32 bits) 
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7.4.10 MASK1 Register (Address 0xE50B – Length 32 bits) 
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7.4.11 PHSTATUS Register (Address 0xE600  – Length 16 bits) 

 

7.4.12 PHNOLOAD Register (Address 0xE608 -  – Length 16 bits) 
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7.4.13 COMPMODE Register (Address 0xE60E – Length 16 bits) 
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7.4.14 CFMODE Register (Address 0xE610 – Length 16 bits) 
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7.4.15 APHCAL, BPHCAL, CPHCAL Registers (Address: 0xE614 – 0xE615 – 0xE616) 

 

7.4.16 PHSIGN Register (Address 0xE617 – Length 16 bits) 
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7.4.17 CONFIG Register (Address 0xE618 – Length 16 bits) 
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7.4.18 MMODE Register (Address 0xE700 – Length 8 bits) 

 

7.4.19 ACCMODE Register (Address 0xE701 – Length 8 bits) 
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7.4.20 CONSEL[1:0] Bits in Energy Registers 

 

7.4.21 LCYCMODE Register (Address 0xE702 – Length 8 bits) 
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7.4.22 HSDC_CFG Register (Address 0xE706 – Length 8 bits) 

 

7.4.23 CONFIG3 Register  (Address 0xE708 – Length 8 bits) 

 

7.4.24 CONFIG2 Register  (Address 0xEA00 – Length 8 bits) 

 
 

 


