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A Highly Integrated Analog Front-End for 3G

Waleed Khalil, Tsung-Yuan Chang, Xuewen Jiang, Syed R. Naqvi, Babak Nikjou, and James Tseng

PGA, active RC filter, and an 8-bit analog-to-digital converter
with built-in offset correction. The AFE operates at 2.7 V with a RF Front-end | Baseband AFE |
current consumption of 55 mA and total active area of 15 mm.

Abstract—This paper describes a reconfigurable analog RF (= ;=) Analog{=, = Digital
front-end (AFE) and audio Codec IC supporting the wideband : :
code division multiple access (WCDMA) standard. The chip is _D_@__;_ Receiver |-+
fabricated on Intel’s 0.18-um (SOC) flash+ logic + analog (FLA) | :
process technology using a 0.3pm feature size analog transistor. ’ | Aux] IR DSP/
. ) . , o o u «—>{Baseband
The transmit path contains a 10-bit segmented rail-to-rail dig- ‘T Control [} ! |°aseban
ital-to-analog converter, automatically tunable active RC filter, y_ | : Logic
and programmable gain amplifier (PGA) with self-tuning gain <]—®— + Transmitter :
and offset correction circuit. The receive path incorporates a | |
1 1
|

Index Terms—Active RC filter, analog baseband, analog Fig- 1. Typical wireless system.

front-end (AFE), programmable gain amplifier (PGA), wireless
transmitters and receivers. results are presented in Section V. Finally, in Section VI, the
paper concludes with a summary.

I. INTRODUCTION

IDEBAND code division multiple access (WCDMA)
is predicted to become the most dominant stan- Fig. 1 illustrates a typical wireless system, where three dis-

dard when the cellphone industry transitions from voice tiinct sections are shown. The RF front-end section is responsible
high-datarate-based applications such as video transmisdimramplification as well as downconverting/upconverting of the
and interactive video games. In comparison with a GSRF signal to/from low-frequency baseband signal. The base-
system that uses 200-kHz channel spacing, WCDMA uskand AFE processes the signal in the low-frequency domain. In
5-MHz channel spacing and is, therefore, able to achievetlee receiver part of the AFE (also known as the demodulator),
maximum data rate of 2 Mb/s. In order to adjust to this ordé¢he small signal is further gained and filtered, then digitized
of magnitude increase in bandwidth from GSM to WCDMA, aising an analog-to-digital coonverter (A/D). The AFE trans-
new architecture is developed for the analog front-end (AFB)itter (known as the modulator) is responsible for converting
[1]. digitally modulated symbols into an analog signal using a D/A,

Combining analog and digital baseband along with Flash afalowed by filtering and gain stages. The auxiliary section is
SRAM memory on a single die provides the ultimate integratiamainly responsible for controlling the RF system as well as gen-
for a cellular system-on-chip (SOC). Although this integratioaral phone functions. Last is the digital baseband module, which
achieves the best performance and lowest power/area, it resiglissed for the main digital modulation and demodulation/detec-
in a noisy environment that is hostile to analog circuits. In adion functions. A detailed description of the specifications for
dition, previous attempts to achieve this level of integration réthe WCDMA system is available on the 3GPP website.
sulted in sacrificing the performance of the analog and/or dig-A block diagram detailing the architecture of the AFE is
ital transistor. This paper describes a reconfigurable AFE fabshown in Fig. 2, where the main channels are the transmit
cated on Intel's advanced flaghlogic + analog (FLA) process channel, receive channel, and auxiliary channel. In the transmit
technology. This AFE integration with digital and flash achieveshannel, 10-bit digitally modulated data is received from the
die-area and power savings unattainable by using multicomptgital section of baseband modem by theQ D/A. The
nent chipsets. architecture of the 10-bit D/A is based on a fully differential

This paper covers the major blocks in the WCDMA AFEegmented voltage mode R-2R, reported for the first time at
transceiver, with major focus on the transmit side. The orgatiie high sampling rate of 15.36 MHz. The R-2R architecture
ization of this paper is as follows. Section Il presents an overallilizes a ladder network of R-2R resistors to obtain binary
review of the chip architecture. Section Il details the transmitt@reighted voltages. Following the D/A is the transmitter (TX)
part of the AFE, including the digital-to-analog converter (D/Ajlter, which limits the bandwidth of the signal to the channel
filter, and programmable gain amplifier (PGA). Section IV disbandwidth and reduces any spurious emission caused by the
cusses the receiver part of the AFE. The layout and experimerddh glitch energy. The TX filter is a fifth-order Butterworth

activeRCfilter with power-on self-calibration. The filter relies
Manuscript received August 2, 2002; revised December 18, 2002. on a 4-bit capacitor trimming approach to achievg — 7%
The authors are with Intel Corporation, Chandler, AZ 85226 USA (e-maibandwidth accuracy, while achieving a passband gain flatness

waleed.khalil@intel.com).
Digital Object Identifier 10.1109/JSSC.2003.810059 1[Online.] Available: http://www.3gpp.org/specs/specs.htm

Il. AFE ARCHITECTURE
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Fig. 4. General architecture and circuit of thenode D/A.
of < 0.20 dB and total harmonic distortion (THBY —70 dB.

Following the filter, a five-level PGA is used to adjust theA TX-IQ DIA
[

output signal level and automatically calibrate the channe ) ) o
offset error upon the transmitter power-on or system request. 1he /=@ D/A is the major building block that converts the

In the receive path, an input buffer is used in the first stag@nary-weighted digital input signal to a proportional analog
to perform two important functions: as a high-pass filter for d¥°ltage level. The goal of the D/A reported here is to obtain

offset blocking, and to improve the third-order input intercegfitrinsic 9-bit accuracy for sampling speeds up to 15.36 MS/s.
point (IIP3) of the receiver through reducing the inter-moduLhere are several factors that are usually considered during the

lation distortion (IMD) level. Following the buffer is a combi-D/A design process. The D/Aresolution, clock rate, and spectral
nation of a fourth-order Butterworth actiRCfilter and PGA. Purity, as well as area and power efficiency, are key parameters
Finally, an 8-bit 15.36-MS/s A/D is used along with built-inthat ultimately affect the overall system performance. First, a
multibit D/A for channel offset correction. The output data of€view of the/-mode D/A (the most common D/A architecture)

the A/D is consequently latched and sent to the digital baseba Pe presented. Then, a detailed discussion of the selected
modem R-2R D/A will follow.

The auxiliary path includes a 10-bit cyclic A/D used for con- Current-steering/tmode) D/As are typically the architecture
trol purposes (e.g., battery testing) along with six R-string D/AZ choice for medium- to high-speed applications [2fmode
for RF control functions. A 4-bit serial bus is used as the did2/AS are based on an array of matched current cells organized

ital interface for the chip to control both the AFE and the audiy Unary or binary weighted elements that are steered to the D/A
Codec. output depending on the digital input code, as shown in Fig. 4.

Architecture variants include two-stage, interpolated, and seg-
mented current-steering architectures. The segmented architec-
ture is the most frequently used to combine high conversion
The requirements for a transmitter are dictated by the dete and high resolution. In this architecture, the least signifi-
sired bit error rate (BER) and the adjacent channel power ratiant bits (LSBs) steer binary weighted current sources, while
(ACPR) after digital filtering in the baseband. The transmittehe most significant bits (MSBs) are thermometer encoded and
has two symmetrical channels, namely, in-phakel{annel) steer a unary current source array. Special biasing techniques
and quadrature(f channel). The transmit signal generated bgnd switching sequence optimization are often used in these ar-
the baseband processor is a hybrid phase shift keying (HPSKj)tectures to spatially average away the systematic and random
modulated digital signal with a bandwidth of 1.92 MHz. Thighreshold voltage mismatch of the current cells [3]. Since the
1.92-MHz digital signal is 4 oversampled by the D/A at a sam-I-mode D/A uses active devices only, it is compatible with dig-
pling frequency of 15.36 MHz. The transmit frequency maskal CMOS processes and is inherently a high-speed architec-
primarily dictates the filter transition band and stop-band profikeire. However, this architecture has some limitations in terms
in order to minimize spurious emissions and adjacent chanieébower and area efficiency for the targeted speed and required
leakage. Additionally, the image attenuation requirement at thessolution. Since reducing the cell current leads to lower tran-
sampling frequency is another key factor for the filter rolloffsistor overdrive voltage, the effect of threshold voltadgemis-
With a five-pole Butterworth filter, a 100-dB/decade rolloff isnatch is magnified. This limits the raw resolution (without trim-
achieved, ensuring a 48-dB attenuation of the image that aping/calibration) of thel-mode D/A to around eight bits. In
pears between 13.44-17.28 MHz, as shown in Fig. 3. order to get around this problem, the transistor size in the current

I1l. TRANSMITTER DESIGN
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cell (area and channel length) is increased, hence, increasit 1184 f----- deeeeee demeeee bmmee s 1184
the transistor overdrive voltage while decreasing the effect o !
Vi mismatch. Although this helps in reducing the effectpf 1168 . . : 1168
mismatch, it translates to excessive growth in area and capac ; ,ws 2" 0 ;e w SS N
tance, which limits the switching speed. Another solution to this Esisr Seepence SRIT SeqUence
problem is to increase the cell current, but this leads to higher @ (b)
ower dissipation. Therefore, sacrificing either area or powerrg. 7. A plot of resistor length versus resistor sequence (1-15 2Rs}1(#)
p . . C .
seen to be the fundamental limitation of thenode D/A. linear L mismatch. (b}:2% randomZ mismatch.

A very popular architecture for the D/A uses R-2R ladders
[4]. These ladders are used to realize binary weighted currentgue has been used very recently in a high-resolution current-
or voltages with a small number of components using a resiseering D/A to realize 14-bit intrinsic accuracy [5]. The basic
tance ratio of only 2: 1, independent of the number of bits ¢dea behind random walk is to average between positive differ-
resolution. The R-2R approach is compatible with both bipolantial nonlinearity (DNL) and negative DNL errors through hi-
and CMOS technologies and is found to be highly efficient igrarchical randomization. This technique (Fig. 6) improves the
resistor usage for D/As ranging from 6 to 16 bits. Howevenonlinearity across process variations, since every 2R resistor
there are some disadvantages of the R-2R ladder architectfgethe same unary code is randomly placed to prevent first- and
In general, it requires good resistor matching to guarantee lgecond-order systematic error residues from accumulating in the
earity and monotonicity. The switching transients at major co@®A output. In addition, mixing the upper and lower resistor lad-
transitions also produce relatively large glitches. The proposeérs of the differential D/A helps in minimizing the differential
implementation uses segmentation and random walk techniggéset error.
to realize a low-voltage, low-power, and area-efficient topology A simple Matlab program was used to demonstrate the
for an intrinsic 9-bit accuracy, without the need for trimmingstrength of the random-walk layout technique. The simulation
calibration, tuning, or dynamic averaging. was done to compare between the D/A integral nonlinearity

In an R-2R ladder, it is necessary to have tight matching b@NL) for £1% linear dimension mismatch and those f62%
tween each bit and the sum of all lesser bits in order to ensuetdom dimension mismatch in the segmented MSB portion.
monotonic operation. The segmented architecture allows thisFég. 7 shows a plot of the length of the resistoks yersus the
quirement to be relaxed and permits the construction of higlesistor sequence (1-15 2R segmented resistors) for the linear
resolution converters. The block diagram of a 4/6 segmentadd random mismatch cases. The resistor width was kept the
10-bit voltage division R-2R D/A is shown in Fig. 5, in whichsame for both cases. The random dimension mismatch data
the coarse D/A consists of 2 1 identical resistors (1-15 2Rs),was generated using a normal distribution.
which are selected by a thermometer code. It is worth notingThe INL analysis foe:1% linear mismatch and2% random
that for an R-2R ladder, the mismatch errors at the left end wiismatch is shown in Fig. 8. For thel% linear mismatch case,
the ladder are less significant than those at the right end (thewvhich there is no spatial averaging effect, INL errors are ac-
segmented section). Consequently, large errors in the LSB cemulated as the digital input code increases. The maximum
sistors contribute proportionally less to the overall error thdNL error is 2.5 LSB, which results in 8.5-bit accuracy for the
much smaller errors in the segmented resistors. Qualitatively)-bit D/A. However, for the case af2% random mismatch,
this is because the full-scale error due to a fractional error d@fthough the absolute mismatch magnitude is doubled compared
an LSB is smaller than the same fractional error in an MSIb the linear case, the combined effect is a very desiradl
This observation indicates that more effort should be devotedit8B INL error, which results in a 9.8-bit accuracy for the 10-bit
matching the segment resistors in the MSBs of the ladder th@fA. This is because the residual error above average and the
in the LSBs, since the former are more likely to determine thresidual error below average randomly compensate each other
final accuracy than the latter. as the digital input code increases.

In order to further reduce the sensitivity to resistor matching, A principal challenge in designing a high-speed R-2R D/A is
a novel random-walk layout technique was utilized. This teckhe voltage reference buffer design. The change of the equivalent
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Vin Vi Vou which would consume a large amount of power. Furthermore,
Mc Cc 'j a continuous-time reconstruction filter is still needed after the
. TE—lf ¢ SCF to remove the image at the sample rate. Thus, an d&R@ve-
Ibias ) L filter with on-chip calibration circuit was chosen for its high
® L -, ter v p . 9
M linearity [6] and low power consumption.
The activeRCfilter structure is shown in Fig. 10. The filter
Fig. 9. Current sinking reference buffér{ef low). is connected directly to the R-2R D/A without the need for any

additional buffer. To reduce the overall gain error when connect-

resistance of an R-2R ladder for different input codes along witid the filter to the R-2R D/A, a first-order filter with the largest
the need for high-speed simultaneous current sinking/sourcifgut resistance among all three stages is used as the filter input
dictates the need for a robust compensation scheme. Althowgigde. Following that are two second-order biquad filters with
class-AB amplifiers are widely used for this purpose, they haultiple feedback network (MFB) [7]. The MFB structure uses
limited gain bandwidth (GBW), well below 50 MHz due to thePnly one opamp per biquad stage to minimize area and power
builtin translinear loop stability of the output stage. After carefl@onsumption.
examination of the buffer requirement, it was realized that only In order to adjust the filter cutoff frequency, either the resis-
a separate current sourcing or sinking capability is needed $Fs or the capacitors need to be programmable. It has been well
each buffer. Thus, th&ref_hi and Vref_low buffers (Fig. 5) documented [8] that parallel connected capacitor arrays have
were realized separately using complementary architecturesless area and better frequency range over parallel/series resistor
The buffer amplifier for the input voltage reference i®" series capacitor arrays. In general, resistor-based tuning suf-
designed with 50-MHz GBW, 65phase margin (PM) , and fers from large distortion due to the variation of the switch re-
> 70 dB dc gain. The architecture employed is a two-stagéstance with the applied voltage. Increasing the switch size im-
amplifier with Miller and lead compensations. To drive the loproves the distortion level but adds parasitic poles that shift the
resistive load of the D/A resistor network, a source followefter response and cause excessive ripple. Another reason to use
stage is added, which makes the output impedance of the buff@Pacitor tuning instead of resistor tuning in the proposed archi-
as low as 10@). For the differential design, a current sourcing€cture is that capacitor arrays are less sensitive tonkgwitch
capability is required foV ref_hi while current sinking capa- resistance. This is because theswitch resistance is negligible
bility is required forV ref_low. A pMOS input stage and pMOS t0 theC array impedance at the WCDMA baseband frequency
source follower is used for the current-sinking input buffer, d&nge€.
shown in Fig. 9, while a complementary nMOS input stage and The parallel-connected capacitor array is realized by a fixed
nMOS source follower is used for the current-sourcing inpG@Pacitanc&’ i, and four binary-weighted switchable capaci-

buffer. tors to provide a-/ — 7% tuning accuracy. The smallest switch-
able capacitance is denoted@s. The total value of the capac-
B. TX Filter itor array Cita1 fOr any tuning code is given by
Several filter architectures were considered for the im- Ciotal = Crnin + kCn

plementation of the transmit filter; such agn-C filters,

switch-cap filters (SCF) and active€ filters. It is widely wherek is in the range of 0—15. In order to reduce the switch
known thatgm-C filters suffer from linearity limitation, which parasitic effect on the filter response, the tunable capacitor array
limits their THD well above—60 dB. For SCF, the rule of in the feedback path has been arranged to have all the switches
thumb is to design it using operational amplifiers (opampspnnect to the opamp virtual ground, as shown in Fig. 10. The
with GBW at least ten times wider than the sampling frequenaypamp used in the filter stages is similar to the D/A two-stage
For WCDMA specification, this translates to opamps witlkpamp (Fig. 9) except that the output source-follower stage was
GBW in excess of 153.6 MHz (ten times sampling ratepmitted.
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The cutoff frequency of the activRC filter is determined by

the absolute values d® andC. However, the process variation
of RC values could be as high as/ — 40%. Thus, an on-chip Fig. 12. PGA block diagram including the power-on offset calibration.
calibration circuit is needed to tune the cutoff frequency to the
target spgcifications. The calibration circuit propqsed (Fig. 11) Offctip] Onctip
uses a simplé?C integrator to charge the capacitor to a cer- ! %
tain voltage level (half clock cycle charge, half clock cycle dis-  caoi ! B —
charge) and then compare the integrated value with a reference LR L™ |- ﬁ‘m — &ﬁ%"i@j)
voltage. If the integrated voltage is larger than the reference ~ 2 fiterwith PGA 1 cormection
voltage, then the comparator is triggered and the calibration has

|

| z
succeeded. The reference voltdgg is given by | 7!

! Input buffer

W
|

Digtal Deta

Viet = Vee(1 — e_T/2RICt°m) — AVeomp Fig. 13. Block diagram of the receiver.
whereT is the calibration clock period anN V., is the offset
error of the comparator. During the calibration process, the 4-bit
tunable capacitor array is downcounted from its largest capacA block diagram showing the different stages of the AFE
itor value to its smallest value. This correspond¥i{g starting receiver is shown in Fig. 13. The first stage of the RX is an
from the lowest value, increasing code by code as the capacitggut buffer that precedes a filter/PGA combination. An A/D
value decreases uniif,,; exceedd/..¢. This triggers the com- with offset correction D/A then follows. The following discus-

IV. RECEIVER (RX) DESIGN

parator and terminates the calibration process. sion will focus on the input buffer design issues.
In general, dc offset is widely known to be a problem in
C. TX PGA direct downconversion receivers. This is because the value of

dc offset could be several times higher than the desired signal,

The PGA is used to allow the AFE to interface to a wide rangbereby causing early saturation of the high-gain stages. Since
of RF chipsets [9]. The proposed PGA is implemented with fivilhe WCDMA signal has low dc content, a high-pass filter at the
different gain levels. The PGA output common mode voltageont-end of the receiver can be used to cancel the dc offset. Typ-
Vem could be varied externally depending on the requifech  ically, a combination of an off-chip capacitéf,s and a high
by the RF vendor. Since two PGAs are required forleed(@ input resistance inside the AFE receiver realize this high-pass
signal paths, it is common to perform a calibration process ditier. Since this high resistance cannot be implemented as part
the signal’s amplitude and phase to correct for any process-orithe filter, an input buffer is used to provide this resistance, as
duced variation. But given that the transmitted signal bandwidshown in Fig. 13.
is relatively small & 3 MHz) and with careful layout balancing Although using a buffer at the input stage solves the dc offset
for the I and@ blocks, no phase correction is hecessary to meaioblem, this architecture suffers from increased IMD because
the desired phase error spec. Thus, only amplitude offset erobthe input buffer finite linearity. Intermodulation (IM) is a trou-
correction was performed for the TX signal path. The block dblesome effect that arises when two signals with different fre-
agram of the PGA with the power-on offset calibration circuiuencies are applied to a system that exhibits nonlinearity. The
is shown in Fig. 12. After the TX path is powered on, a full patkffect of third-order IM is shown in Fig. 14(a), where a weak
offset correction process is performed as follows. At the inpaignal accompanied by two strong high-frequency interferers
of the TX D/A, a mid-code dc signal is applied and the PGA difpasses through a nonlinear system, causing the third-order IM
ferential outputs are compared. The result of this comparisompiduct to fall in the band of interest and distorting the desired
sent to a control block where control bits are used to adjust thignals. Once the IM product is generated from the buffer stage
value of a programmable resistor string (PRS). This PRS servemlinearity, it cannot be differentiated or removed from the de-
as a means to create an artificial offset at the opamp inputssiced signal using the following filter. The IMD level can be sig-
counteract the original output differential offset. A binary seardhificantly reduced if the input stage is realized by a low-pass
algorithm is used to ensure fast convergence of the offset cdiliter instead of the traditional unity gain buffer. A small ca-
bration process. pacitorC is included in the feedback path of the input buffer
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(b) Fig. 15. Die photo for the WCDMA AFE and audio Codec.
Fig. 14. Corruption of the desired signal due to third-order IM effect. (a) Using
buffer without a filter at the input stage. (b) Using a buffer with added single pole TABLE |
filter at the input stage. AFE PERFORMANCE SUMMARY
to form a single pole filter, as shown in Fig. 13. The low-pass TX Full Path (300KHz sine output)
SFDR / SINAD 63.23dB / 55.40dB

cutoff frequency of this single-polBC filter is placed outside

the desired bandwidth while guaranteeing adequate attenuation igg/ ENOB _56?';?;;/ 9.1 bits
of th_e high-frequ_e_ncy i_nterferers, as shown ir_l Fig. 14(b). TX D/A: '
Given the traditional input buffer stage (no filtering), the IMD DNL 0.44 LSB
level at the A/D output was measured -a6 dBc. However, INL 0.60 LSB
the IMD level dropped to-46 dBc after the addition of the TX Filter:
single-pole filter to the buffer. This 40-dB drop represents a sig- Passband Flamess <0.2dB
o ) . . THD <-70dB
nificant improvement in the IMD level of the whole receiver %
hain Cutoff Frequency Error 1.1%
chain. . , RX Full Path (1.2MHz sine input)
The remaining part of the receiver uses a fourth-order Butter- SFDR / SINAD 64.36dB / 46.82dB
worth filter with four programmable gain levels to provide for SNR / ENOB 46.86dB / 7.49 bits
flexible RF front-end selection. Although this filter is mainly AFE Summary
used for anti-aliasing, it also functions as a channel select filter. Area 15 mm’
The RX filter architecture is similar to the one used in the TX. Supply V /1 2.7V / 55mA

Following the filter is an 8-bit 15.36-MS/s pipelined A/D with

built-in offset correction circuit. The offset correction is per-  0—r————— T T T T T T T T T
formed using a multibit D/A inside the A/D sample-and-hold [ bbb L
circuit. -40
D 60
V. TESTRESULTS = .80
[

The die photo for the integrated WCDMA AFE and audio §-100 Rl P AR Ry i
Codec is shownin Fig. 15. The AFE occupies anarea of 15 mn 120 S e,
and consumes 148 mW. In order to reduce the crosstalk b -140}}'% R LR R L i
twe_en transmit and_ receive chains, the two paths and_ 'Fheir € 160, 1| 2l T 51 s % é 5 130 1i1 112 153 1i4 1i5 5 11'7 1?8 15720
sociated ext_ernal pins have been separated by the auxiliary A frequency [MHz]
and D/A (Fig. 15). Furthermore, separate power-supply pins
were used for the RX and TX paths. To increase the signal dyig. 16. TX channel output with a 300-kHz sine wave signal applied at the TX
namic range over the chip background noise and achieve higiRe¥t:
signal-to-noise ratio, all analog inputs/outputs are processed in
a differential manner. Special care was taken in the package déthe TX channel and the measured output of the TX channel
sign to avoid any crosscoupling between the RX and TX signafall path (D/A + Filter + PGA) is shown in Fig. 16. The peak
Both the AFE and audio Codec are operated through an on-chpur signal is shown at 63.23 dB below the carrier. The THD
digital interface, which is part of baseband modem. of the channel full-scale output is measured-&t..87 dB. The

The AFE on this chip was tested independent of the audiall TX path achieves 9.1 effective number of bits at the carrier
Codec. A summary of the AFE measured results is providedfiequency of 300 kHz. Static linearity measurements for the TX
Table I. To our knowledge, this is the first published results fa/A are shown in Fig. 17. The worst case DNL and INL are
a WCDMA AFE. A 300-kHz sine wave was applied to the inputneasured at 0.44 LSB and 0.60 LSB, respectively. This result
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VI. CONCLUSION

The AFE chip described in this work was first-time func-
tional. Given such a complex chip, this success was attributed
to the use of comprehensive mixed-signal validation before the
chip tapeout. After extensive testing, the performance of the
majority of the blocks was shown to exceed the required speci-
fications. The effect of crosstalk was not observed between the
different parts of the chip due to careful layout planning and
package pin assignment. All the calibration circuits are shown
to converge to the design target after the chip is powered on.
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Fig. 18. Measured TX filter response across the entire turning range. Dark

curve highlights the measured response after calibration.
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Fig. 19. Measured PGA offset during the calibration process.
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