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Abstract

This paper presents the realization of complex impedance standard, which achieve the calibration of 
digital bridge on entire complex plane through generating voltage and current waveform. The proposed 
standard can simulate any modulus and angle of complex impedance, which is focused on some 
technologies, such as digital waveform synthesis, all digital phase locked loop, DDS. Based on the concept 
of complex impedance and the calibration object, this paper achieves the design and realization of complex 
impedance standard. The measurement data at 1kHz is provided in the end, which can establish the 
foundation for calibration. 

1. Introduction

With the progress of science and technology, digital bridge has been applied in the fields of 
biomedical, integrated circuit manufacturing, space technology, etc. At the same time, in order to ensure 
the accuracy and reliability of measurement data, the calibration is attached importance increasingly. 
According to the current verification regulation [1], the calibration of AC digital bridge can use standard 
impedance (such as standard capacitance box, standard resistance box, standard inductance box), 
simulation of impedance standards (simulated large capacitance standard, simulated large inductance 
standard), standard bridge, frequency counter, etc. Now high-accuracy physical impedance standards, such 
as capacitor standards, inductor standards and resistor standards, are used to calibrate digital AC bridges. 
These bridges are connected to standards and the measurement error is the difference between the 
measured value and the reference value of standards [2]. 

Using physical impedance standards, the measurement of AC bridges (capacitance, inductance, 
resistance) can be traced back to these standards [3]. But as material measure, standard capacitance box, 
standard inductance box, standard resistance box are restricted by value and frequency. What’s more, AC 
bridges are developing to broadband, wide-range, so physical standards can't meet the need of bridge 
calibration completely.  At the same time, the phase of the physical impedance standards is a fixed value 
and the phasor is performed along the real or imaginary axis, so capacitance, inductance and resistance can 
be calibrated by physical impedance standards. But complex impedance whose phasor is in the entire 
complex plane area can’t be calibrated.

This paper presents complex impedance standard, which can calibrate digital bridge in any impedance 
modulus and phase and solve the calibration problem. This method not only can realize the traceability of 
complex impedance, but also can make up for the disadvantages of physical standards.

2. Complex Impedance 

As the figure 1 shown, complex impedance can be expressed as the form of phasor on the whole 
complex plane area. Complex impedance can be represented by resistance (real axis) and reactance 
(imaginary axis), or by complex proportion of voltage and current phasors, or by the modulus and angle of 
impedance in the circuit. The expression is:
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Figure 1: Complex Impedance in the Complex Plane 

3. Digital Bridge 

As calibration object of complex impedance standard, voltage vector ratio digital bridge is widely 
used. Unlike traditional bridge, the balance process of this bridge is established by negative feedback of 
amplifier automatically [4], which has the main characteristic:

(1)The power supply is sine waveform, whose phase, amplitude and frequency can be adjusted. 

(2) Four-wire method is used to measure impedance, voltage and current input is separated. 

(3)Use the virtual short of operational amplifier to balance. When the positive electrode of the op-
amp is attached to ground, negative electrode will be in the virtual ground state.  At this time, the current 
through the measured impedance and internal standard resistance is equal and the bridge balances. So 
without auxiliary algorithm, bridge can reach to equilibrium. 

(4) Ux and Ur are the sampled voltage of the measured impedance and internal standard resistance, so 

the measured impedance is x
x r r
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Based on these characteristic, principle of complex impedance standard is designed. 

4. Working Principle

The expression of proportional relationship in digital bridge is X SZ KZ  . The measured impedance 
ZX is the product of proportion coefficient K and the standard impedance ZS. Standard impedance of digital 
bridge is a fixed value, so ZX can be gotten by measuring the real part and imaginary part of proportion 
coefficient K. What’s more, the precise value of the two voltage vector in digital bridge is not directly 
measured. The ratio of the two voltage vector of real and imaginary part is measured. 

The measured complex impedance in digital bridge is X S X S SZ KZ U R U U I        . Through 
adjusting the amplitude and phase of voltage and current waveform which are produced by complex 
impedance standard, the needed complex impedance can be simulated. So the amplitude and phase of 

complex impedance is U I, arctan( )
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. Therefore rather than absolute stability and 

accuracy of the voltage and current waveforms, the digital amplitude ratio should be ensured. Moreover, 
its phase also can be expressed as a ratio, which can be digitized to get a stabile and reproducible phase 
relationship. 

5. Realization

The complex impedance standard is focus on digital simulation impedance [5], whose value is 
determined by digital ratio between adjustable sinusoidal voltage waveform. Therefore, complex 
impedance can be simulated on the whole complex plane through producing any complex modulus and 
phase. The working principle of the system is shown as Figure 3.

The output of IH port is used to load the measured impedance, which is from power supply in the 



digital bridge. Using this frequency, complex impedance standard and digital bridge can be in the state of 
synchronization. 

The frequency of digital bridge and complex impedance standard should be equal, which will directly 
influence the whole accuracy.  In order to provide driven signal for sinusoidal voltage waveform, the 
frequency of digital bridge should be traced by using all digital phase locked loop (ADPLL). ADPLL [6] 
realizes function in the FPGA chip by using programming language Verilog and software QuartusII. 
ADPLL is a digital loop, with strong ability to resist noise, low price, easy integration, simple peripheral 
circuit. The external reference clock of ADPLL is produced by the direct digital synthesis (DDS), which 
possesses the advantages of continuous adjustable frequency and high resolution. 

Digital waveform synthesis is composed of FPGA and D/A converter, whose output is static or 
dynamic sinusoidal voltage waveform. The input digital quantity of two static D/A can realize the complex 
impedance amplitude proportional relationship, which provides static voltage amplitude of dynamic DAC. 
Two static D/A use a same voltage reference at the same time, so influence of the voltage reference is 
eliminated. With the output of static DAC and driven clock, ROM and dual port RAM in FPGA send 
digital sequence to dynamic DAC, sine waveform is produced.

Waveform transformation is divided into V/V transform and V/I transform. V/V circuit uses 
resistance voltage divider to divide voltage and V/I circuit transforms voltage to current through resistance 
shunt. Complex impedance standard need the level of output voltage is mV, but the value of dynamic DAC 
is higher. So to ensure the accuracy and stability of digital bridge, V/V transform realizes the integer 
divide of voltage. Through the process of negative feedback of amplifier in digital bridge, V/I conversion 
directly uses Ohm law to exports the sinusoidal current waveform to digital bridge IL port.
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Figure 3: Functional Block Diagram of Complex Impedance Standard

So using the precision impedance (capacitor CO-14, inductor SB2011, resistor QuadTech 1433-31) 
and bridge QuadTech7600, the test data is shown as in table 1. In table 1, X1 and X2 mean the indication 
of complex impedance standard and precision impedance, X0 and Xx mean the standard value of precision 
impedance and complex impedance standard. Based on the table 1, the test data will be revised in later 
work.

Table 1: The test data
parameter test point X1 X2 X0 Xx

capacitance 100pF/1kHz 99.05288 99.96394 99.978 99.067 

100pF/10kHz 100.5566 99.97314 99.957 100.54 

1nF/1kHz 0.9992344 1.001142 0.99993 0.99802 

1nF/10kHz 1.000619 0.9999245 0.99989 1.00058 

10nF/100Hz 9.996074 10.00073 10.0011 9.99644 

10nF/1kHz 9.995357 10.00032 10.0007 9.99574 

10nF/10kHz 9.995616 10.00068 10.0006 9.99554 

100nF/100Hz 99.95538 100.0102 100.005 99.9502 



100nF/1kHz 99.92672 100.0007 100.001 99.9270 

100nF/10kHz 99.96644 100.0012 100.013 99.9782 

1uF/100Hz 0.9994301 1.000067 1000.01 1000.01 

1uF/1kHz 1.000354 0.9998349 1000.05 1000.05 

inductance 100uH/1kHz 100.0617 100.4103 100.02000 99.67 

1mH/1kHz 1.006856 1.000768 1.00010 1.01 

10mH/1kHz 10.08038 10.00066 10.00000 10.08 

100mH/1kHz 100.0242 100.0106 100.01 100.02 

resistance 0.1Ω/1kHz 0.07433459 0.07987222 0.0999 0.0944 

1Ω/1kHz 0.9818469 0.9801086 1.0001 1.0018 

10Ω/1kHz 10.04254 9.981055 10.000 10.061 

100Ω/1kHz 99.88319 99.98038 100.00 99.903 

1kΩ/1kHz 1.000495 1.000002 1.0000 1.0005 

10kΩ/1kHz 10.00355 10.00069 10.000 10.003 

100kΩ/1kHz 100.0304 100.0003 100.00 100.03 

7. Conclusion 

Complex impedance standard, as a new instrument for calibrating the metrology of the digital bridge, 
can realize the calibration over the whole complex plane. focused on the digital simulation impedance 
techniques, through controlling the modulus and phase of the waveforms of voltage and currency to make 
the modulus of voltage and currency output proportionally, the complex impedance standard can produce 
impedance-modulus and -phase and simulate physical impedance or complex impedance with any form on 
the whole complex plane. Besides, based on the digital proportion, the complex impedance standard is 
important for calibrating digital bridge, extending scales of frequency and measurement of impedance 
standard and realizing traceability of complex impedance.
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