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Abstract: This article presents measurement circuits and a test board developed for the experimental evaluation of prototype chip samples
of the Fully Differential Difference Amplifier (FDDA). The Device Under Test (DUT) is an ultra low-voltage, high performance integrated
FDDA designed and fabricated in 130nm CMOS technology. The power supply voltage of the FDDA is 400mV. The measurement circuits
were implemented on the test board with the fabricated FDDA chip to evaluate its main parameters and properties. In this work, we focus on
evaluation of the following parameters: the input offset voltage, the common-mode rejection ratio, and the power supply rejection ratio. The
test board was developed and verified. The test board error was measured to be 38.73mV. The offset voltage of the FDDA was —0.66mV.
The measured FDDA gain and gain bandwidth were 48 dB and 550kHz, respectively. In addition to the measurement board, a graphical user
interface was also developed to simplify the control of the device under test during measurements.
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1. INTRODUCTION

Integrated circuits (IC) are ubiquitous and represent a cor-
nerstone of modern electronic systems used in a number of
diverse wireless applications. Ultra Large Scale Integration
(ULSI) and new manufacturing technologies provide the op-
portunity to develop (ultra) low-voltage and low-power ana-
log and mixed-signal ICs that can be used, for example,
in wearable devices such as cellphones, smartwatches, and
smart glasses [1]. However, as the level of integration in-
creases and ICs become more complex, requirements for IC
testing also increase [2]. Test and diagnostics are very im-
portant and necessary processes of IC development and pro-
duction flow, and contribute significantly to the final cost of
a manufactured chip. The increasing requirements for perfor-
mance and complexity of ICs make the testing process more
difficult and costly.

Nowadays, test engineers need to work more and more
closely with design engineers so that they can influence spe-
cific details in the IC design to identify potential testability
issues and improve test access to specific nodes/circuits in
the design. We may assume that with a perfect design and
a fair manufacturing process, testing is unnecessary, but the
opposite is true. Even a small mistake during the design or
a defect in the manufacturing process can have fatal conse-
quences for the entire IC, and therefore, testing should not be
underestimated [3]. In order for a design to be easily tested,
both controllability and observability must be guaranteed. So
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let us remember the two well-known features:
» Controllability - The ability to control specific parts of
a design (specific nodes in the circuit) to set a specific
value of a signal. In digital electronics, this would be
alogic value (e.i., logic 1 or logic 0); in an analog circuit,

it would be a specific voltage or current.

* Observability - The ability to observe the response of

a circuit to a particular stimulus.

Ensuring controllability and observability should be done
as effectively as possible so that additional test hardware does
not increase the overall IC price. A traditional approach to IC
testing is to finalize the design and leave it to the test engineer
to identify, develop and implement a test procedure. Usually,
the test is implemented in the form of a software program that
controls the external test equipment that is physically con-
nected to a Device Under Test (DUT). If the test engineer re-
alizes at this stage of the test that he or she cannot adequately
test the circuit (due to limited controllability/observability),
it is usually too late to fix the problem. Modern test ap-
proaches involve close collaboration between test engineers
and IC designers to assess testability issues early in the de-
sign process [4].

This paper presents methods and test circuits for the input
offset voltage, Common-Mode Rejection Ratio (CMRR), and
Power Supply Rejection Ratio (PSRR) of manufactured Fully
Differential Difference Amplifier (FDDA). First, the DUT
chip sample is briefly described in Section 2. In Section 3,
target parameters for the evaluation are specified. Section 4
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presents the measurement methods and procedures, the mea-
surement circuits and the developed test board together with
the obtained measurement results. In the last section, conclu-
sions are drawn.

2. DEVICE UNDER TEST (DUT)

An ordinary operational amplifier (op-amp) is an impor-
tant component of many electronic devices. [5]. The op-amp
design process consists of several steps: definition of specifi-
cations, selection of component sizes and bias conditions, op-
amp stability compensation, simulation, and characterization
of key parameters. These include the open-loop gain Agy,
PSRR, Common-Mode Range (CMR) at the input, CMRR,
the output voltage range, and the power dissipation [6].

Typically, a Differential Difference Amplifier (DDA) is
a basic building block of current low-voltage, low-power ana-
log and mixed-signal ICs [7]. Similar to operational ampli-
fiers, the DDAs can be used in various high-performance sig-
nal processing circuits such as integrators, filters, multipliers,
modulators, etc. [8]. Unlike an ordinary operational ampli-
fier, which has two single-ended inputs, the DDA has four
inputs. The circuits with implemented DDA often provide
a high input impedance. However, in fully differential signal
processing (typically used in low-noise applications), some
basic building blocks such as level shifters and voltage fol-
lowers require a dedicated DDA circuit with differential out-
put, which is called a FDDA.

The general block diagram of an FDDA is shown in Fig. 1.
It consists of three main parts:

* input stage,

* current-to-voltage converter, and

* output stage.

The FDDA has two differential inputs that convert two dif-
ferential voltages into currents. These currents are subtracted
from each other and converted back into a differential voltage.

+IN1 | \
=+
i mb —
-IN1 9 + I v
+IN2 |
=+
5 mb
-IN2 : 9 +
(e / Current to
voltage :
Input stage converter Output stagei

Fig. 1. Block diagram of a FDDA circuit.

The differential output stage amplifies the voltage differ-
ence at the output, which can be expressed as follows:

Vour =A[(Vint — Vo) — (Ve — Vo)), (D)

where A is the total gain, V,oyr; and V_gyr, are the single
ended output voltages, Voyr = Viour —V-_our? is the dif-
ferential output voltage, and V1 —V_;v1 and Vino —Voinn
are the two differential input voltages [9].
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The microscope image of the manufactured chip sample
with FDDA and other supporting sub-circuits is shown in
Fig. 2.
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Fig. 2. The photo of the FDDA implemented in a chip.

3. EVALUATED PARAMETERS AND MEASUREMENT
METHODS
A. Input offset voltage

One of the most important parameters of operational am-
plifiers is the input offset voltage. This random and undesir-
able parameter is closely related to a possible degradation of
other DC or AC amplifier parameters. Therefore, the mea-
surement of this parameter is of great importance [10]. An
ideal operational amplifier has zero input offset voltage, zero
input current, and an infinite gain [11]. However, all opera-
tional amplifiers require a small voltage between their invert-
ing and non-inverting inputs to compensate the mismatch of
their input components caused by variations in the manufac-
turing process. This required voltage is called the input offset
voltage and can be modeled by a voltage source (referred to
Vorfser) connected to the input, as shown in Fig. 3. Many
techniques are known and used to compensate the input off-
set voltage. One of the most common techniques is trimming
during the production process [12]. Fig. 4 shows a standard
circuit for measuring the input offset voltage [13]. The offset
voltage can be expressed as shown in (2).

Differe_ntial |L|
amplifier L
Voffset
+ Ry
—||——|: - v
R, out

+

R,

Fig. 3. Modeled input offset voltage in a differential operational
amplifier.
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Fig. 4. Standard circuit for measuring input offset voltage.
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where Vg is the input offset voltage, Vpyr is the output volt-
age and 1+ % is the amplifier gain.
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B. Common-Mode Rejection Ratio (CMRR)

An important aspect of the differential amplifier is its abil-
ity to suppress a common signal applied to both inputs, which
is known as the CMRR parameter. This is one of the most im-
portant performance parameters of high-precision operational
amplifiers [14]. An ideal operational amplifier does not re-
spond to voltages applied to both inputs. On the other hand,
a real operational amplifier may show some response to sig-
nals applied to both inputs [15]. The input signal is applied
to one input or with opposite polarity to both inputs. These
signals are amplified and appear at the output. Unwanted sig-
nals that occur with the same polarity (noise) are suppressed
by the differential amplifier and only the desired signal ap-
pears at the output. This principle of the differential amplifier
is shown in Fig. 5.

Signal Source

Noise Source

Fig. 5. Description of the CMRR parameter in the differential am-
plifier.

CMRR parameter is defined as follows:

Ay

CMRR =
Acm ’

3)
where A, ;) is the ratio of the differential voltage gain and
Acp 1s the common-mode gain. Properly designed differen-
tial amplifiers usually have a high differential gain and a low
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common-mode gain, resulting in a high value of CMRR. The
CMRR parameter, expressed in decibels, is as follows:

CMRR = 20l0g [ 1)
—20l0g( = @

cm

Alternatively, CMRR can be expressed as a change in input
offset voltage resulting from a unit change in common-mode
input voltage. This relation is expressed as follows:

AVCWI

CMRR =
AVoffset ’

®)

where AV, and AV,rr, are the common-mode voltage
change and the offset voltage change at the input, respec-
tively.

CMRR can be measured in several ways. The basic mea-
surement circuit is shown in Fig. 6. It consists of a differential
amplifier with four precision resistors. A signal is applied to
both inputs and the output voltage change is measured. In an
amplifier with infinite CMRR, the output would not change at
all. To achieve the best result, it is important that the resistors
match as closely as possible. A mismatch of 0.1% between
two resistor pairs results in a CMRR of only 66dB (no matter
how good the designed amplifier is) [16].

R2
R1
Vi Vout
DUT .~ 0
R1
+

R2

Fig. 6. CMRR measurement circuit.

Then, CMRR can be calculated using the following equa-
AVin R2

tion:
1 R
CMRR < + R1 ) ’

where AVpyr is a change in the measured output voltage,
AVyy is the input voltage change, and 1 + % is the gain of
the differential operational amplifier.

AVoyr =

(6)

C. Power Supply Rejection Ratio (PSRR)

PSRR describes the ability of an amplifier to maintain its
output voltage when its DC supply voltage fluctuates. If the
supply voltage of an operational amplifier fluctuates, its out-
put voltage should not change. The description of the PSRR
parameter is shown in Fig. 7. It shows how fluctuations in the
power supply can affect the amplifier output. If a change in
the power supply voltage of X volts causes a change in the
output voltage as a result of the differential input variation
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of Y volts, the PSRR parameter can be defined as the X/Y
ratio [17]. PSRR is expressed in decibels as follows:

)

where Ripple,p,; is the RMS value of the change in Viy at
the input, and Rippleyy pu: is the RMS value of the voltage
change at the output [18]. The measurement setup for the
PSRR parameter characterization is the same as that used for
CMRR.

Rippleinput

- @)
Rlppleoutput

PSRR = —ZOIog(

Fig. 7. Influence of power supply variations in the operational am-
plifier.

4. PROPOSED APPROACH TO DUT MEASUREMENT

The FDDA circuit was designed in the Cadence design
environment and the experimental ASIC was prototyped in
a general-purpose 130nm CMOS process. The required mea-
surement circuits were implemented on a chip together with
the ASIC system. The measurement circuits are used to ver-
ify the correct operation of each block during the evaluation
of chip samples on the test board. First, the designed IC was
simulated to verify the functionality of the entire system as
well as the implemented on-chip measurement circuits and
the developed test board, as shown in Fig. 8.

Fig. 8. Developed test board for the evaluation of FDDA samples.

Critical and important nodes of the ASIC were connected
to external measurement circuits implemented on the test
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board. The entire system on the chip and the measurement
process are controlled by a developed digital logic unit. The

control logic makes the experimental verification much eas-
ier to perform and also saves many package pins. Another
function of the control logic is to adjust selected parame-
ters of the FDDA. The control logic is governed by a micro-
controller implemented on the test board. A Graphical User
Interface (GUI) was also developed to simplify experimen-
tal verification [19]. The block diagram of the entire mea-
surement setup is shown in Fig. 9. Keysight InfiniVision
DSOX2054T 4-channel digital storage oscilloscope with 5
GSPS and 500MHz of bandwidth, Keysight 33600A Series
Waveform Generator, Rohde&Schwarz FSV7 signal analyzer
and Rohde&Schwarz HMC 8043 3-channel power supply
were used in this setup.

DUT TEST BOARD
Analog Personal computer
circuit
A Microcontroller
A4 Measurement circuit
Tuning |
: [ - (2
logic |
—IJ
Signal generator Oscilloscope
ooo
=5 |
009 %00
= Q000
Power supply T
C EDs
ooo o
o 0 00

Fig. 9. Block diagram of the measurement setup.

A. FDDA chip sample evaluation

A DCroop schematic diagram of the developed FDDA,
used for the input offset voltage measurement, is shown in
Fig. 10. The DCrpop gain for IN1+ and IN2- is given by (8)
and (9), respectively. The value of DCrpop gain was set to
200. We have selected MAX4204 device as Buff1 and Buff2,
while the MAX4203 device was selected as Buff3 and Buff4.
The MAX4204 and MAX4203 are ultra-high-speed, open-
loop buffers with high slew rate, high output current, low
noise, and excellent capacitive load-driving capability. The
MAX4204 device has integrated 50Q termination resistors,
which are very convenient for driving 50 Q transmission lines.
The MAX4203, on the other hand, has no internal termina-
tion resistors [20]. The AMP1 and AMP2 amplifiers were
represented by the MAX44250 device, an ultra-precise, low-
noise, low-drift amplifier that provides near-zero DC offset
and drift through the use of patented auto-correlating zero-
ing techniques. The best possible circuit components were
selected to eliminate their undesirable influence on the mea-
sured circuit [21].

®)
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Rf1
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TP_OUT11
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Fig. 10. DCypop circuit of FDDA.

GAIN(+) = 1+RR—J:1 9
The DCrpop configuration with red interconnections (in
Fig. 10) was relevant when measuring the test board error
(ERROR7TpB), which amounted to 38.73mV. Since the mea-
surement circuit has a large time constant, the settling time
of the measurement was 25 minutes. The input offset volt-
age of FDDA obtained by the measurement, given by (11), is
—0.662mV. The measurement probes were connected to the
nodes labeled TP_OUT11 and TP_OUT22.

DIFF — ERRORTp

OFFSET = CAIN (10)
OUT22—OUT11) — ERROR
OFFSET = . e AIN) LN

A schematic diagram of the FDDA circuit for the ACroop
configuration is shown in Fig. 11. The ACLoop gain for inputs
IN1- and IN2+ is given by (12) and (14), respectively. The
ACrpop configuration gain has been set to 1000. We selected
the MAX4204 device as Buff5 and Buff6. The THS4505 de-
vice from Texas Instruments was used as a Fully Differential
Amplifier (FDA) with a bandwidth of 260 MHz [22].

R
GAIN(—) = - RS (12)
R
R
GAIN(+) =1+ Ra (13)
R3
R19 IN1- Rf3
I AMA——

c3

— |

TP_OUTH1_AC

c4
|| Buffe TP_OUT22_AC
1

< AAAA —IN2+ A A A A

Fig. 11. ACppop configuration of FDDA.

The block diagram of the converter from differential in-
put to the single-ended output (D2SE) is shown in Fig. 12.
It was designed using the OPA3695 device [23], an opera-
tional amplifier with a bandwidth of 900 MHz, which is suit-
able for instrumentation amplifiers as all three amplifiers are
on the same silicon die. The offset matching between the in-
puts makes this configuration an attractive input stage for this
application. The inputs are high impedance, with 1.2pF ca-
pacitance to ground at each input.

TP_OUT11_AC

TP_OUT22_AC

Fig. 12. Differential input to single-ended output converter.

The voltage gain of the instrumentation amplifier is ex-
pressed as follows:
2R

Av=1+
Rgav

(14)

The gain of the instrumentation amplifier was set to 2 and the
converter output was terminated with a 50Q resistor. How-
ever, the input impedance of a spectrum analyzer was set to
50 so that the measured voltage is in the ratio of 1/1(without
gain).

The setup for measuring the frequency response of the
DUT is shown in Fig. 13. The DCrpop gain was set to 200.
The signal generator is connected to the IN1- and IN2+ in-
puts via —60dB attenuators and resistors R2 and R3. The
differential output of the DUT is connected to the oscillo-
scope via buffers Buffl and Buff2. The frequency response
of the DUT, which was obtained by the measurement of
a single package prototype chip at a temperature of 27°C, is
shown in Fig. 14. The measured FDDA gain is approximately
48dB and the gain bandwidth was reported as 550kHz. The
bandwidth value of 2.5kHz was verified by measurements.
The frequency response obtained by simulation is shown in
Fig. 15. The DC gain and the gain bandwidth of 43.5dB and
758.6kHz, respectively, were achieved.

Oscilloscope

OUT1 1_AC
OUT227AC

DC Loop
G =200

Rf2

MW

MW
Rf1

Fig. 13. Measurement setup for frequency response evaluation.
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Table 1. Comparison of simulated and measured results of FDDA.

Parameter Simulated Measured
DC gain [dB] 43.5 48

GBW [kHz] 758.6 550
CMRR [dB] @1kHz 91.2 46

PSRR [dB] @1kHz 73 56

Input offset [mV] -0.880 -0.662

/

A, = 47.8dB
f 308 = 2.5kHz

GAIN[dB]

foas 5 SSOkHz/

.
10°

L L
10° 10* 108
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14. Frequency response of the FDDA obtained by measure-

ment.

50 T T T T T

40

Ay=43.5dB
30

20

GAIN[dB]

10F

ok

0 | | | . fods = 758.6 kHz
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10° 108

Fig. 15. Frequency response of the FDDA obtained by simulation.

The measurement setup for the evaluation of the CMRR
and PSRR parameters is shown in Fig. 16. It is a rather com-
plex circuit, but it does not require precisely matched resistors
(like the setup in Fig. 6), which is its main advantage. In this
case, the common-mode voltage is changed by switching the
power supply voltages. The ACrpop gain was set to 1000
with resistors Rf3 and Rf4 (see 11), and the DCrpop gain was
set to 200 via resistors Rf2 and Rf1 (see 10). The inputs of
FDDA are connected to ground through resistors R1, R2, R3,
and R4. The differential outputs of the AC;pop are fed into
the D2SE converter and then connected to the spectrum ana-
lyzer via a 50Q terminating resistor. Based on the measured
voltages, the CMRR and PSRR parameters were calculated
using (6) and (7), respectively. The CMRR parameter was
measured when the power supply varied in phase (from the
positive value to the negative value). For the PSRR parame-
ter measurement, the power supply was varied in the opposite
phase. The measured and consequently calculated results are
shown in Fig. 17. The PSRR and CMRR parameters obtained
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by simulation are shown in Fig. 18.
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>

D2SE

AC Loop
G =1000

TP_OUT11_AC
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G =200
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Fig. 16. Measurement setup for CMRR and PSRR evaluation.
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Fig. 17. Measured PSRR and CMRR characteristics.
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Fig. 18. Simulated PSRR and CMRR characteristics.

B. Discussion

The comparison of main parameters of the developed
FDDA from simulation and measurement is shown in Ta-
ble 1. Table 1 shows that the GBW value by measurement de-
creases from 758.6kHz to 550kHz. The correlation of mea-
sured values for other parameters such as CMRR and PSRR
also decreased. On the other hand, the DC gain and the input
offset voltage achieve better results than in the simulation.
The deterioration of the measured parameters can be caused
by various factors, but most likely variations in the manufac-
turing process. The measured and simulated results were ob-
tained at a temperature of 27°C. The comparison with other
DDA and FDDA amplifiers is shown in Table 2.
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Table 2. Comparison with other DDA and FDDA amplifiers.

Parameter FDDA[24] DDA[25] This work
Process [pm] 0.05 0.18 0.13

Vbp [V] 0.4 1.8 0.4

Ipp [1A] 79.6 10.7 59.8

DC gain [dB] 58.6 131 43.5
GBW [MHz] 2.31 1.1 0.7586
CMRR [dB] @1kHz 92 - 91.2
PSRR [dB] @1kHz - - 73

5. CONCLUSION

Measurement circuits for evaluating the main parameters
of a high-performance FDDA ASICs are presented. The input
offset voltage as well as CMRR and PSRR of FDDA were the
target parameters. A measurement board was developed and
FDDA chip prototypes were evaluated with this test board.
The test board error was measured to be 38.73mV. The in-
put offset voltage of —0.662mV was verified by measure-
ments. The measured FDDA gain is approximately 48dB.
The gain bandwidth of 550kHz and the bandwidth of 2.5kHz
were measured. The total power consumption of the FDDA
is 59.8 uA. The evaluation results obtained show that the
designed test board and the developed measurement circuits,
which were implemented on the test board and also as part of
the FDDA chips, can be successfully used for the evaluation
of low-voltage, high-performance ASICs.
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