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2 Wi-Fi Receiver Chain (RX chain)

This chapter covers the following topics:
e Anintroduction to the Wi-Fi transceiver.

e  Potential implementation of the RX chain.

A commonly used transceiver architecture consists of two loosely intertwined
half-channels called the Transmitter (TX) chain and the Receiver (RX) chain. The task of
the TX chain is to process, convert, and transmit data to the chosen medium. Conversely,
the RX chain acquires and decodes data received from the medium. While these chains
operate independently for their core functions, they may share certain modules, such as
biasing and supply circuits. Careful consideration must be given when selecting the most
effective architecture to ensure that shared modules do not introduce interference or
compromise performance.

This work focuses on an ADC situated within the RX chain. The ADC’s primary function
is to decode an analog-domain Wi-Fi signal received through the air as a complex Radio
Frequency (RF) domain In-phase (l)/Quadrature (Q) signal to digital domain for easy
signal processing. Traditionally, two separate ADCs would be required for independent
I and Q conversion. To simplify the design and achieve superior matching between the
I and Q paths, an 1/Q ADC is employed. This module incorporates two parallel conversion
channels while sharing certain sub-blocks, leading to improved power efficiency and
enhanced gain accuracy. The designed ADC in this work is of an 1/Q type, essentially
integrating two ADCs within a single module. Like the considerations for shared modules
between TX and RX chains, careful design is crucial to minimize 1/Q interference within
the I/Q ADC itself.

Wi-Fi signals propagating through the medium exhibit significant diversity. Due to the
open nature of most channels, i.e. also other devices and wireless technologies can send
and receive in the same frequency range, various scenarios can occur:

1) Sparsely populated environments (Suburban or rural areas).

2) Densely populated environments (High density areas, such as high-rises, concert halls
or stadiums).

In sparsely populated environments, where the desired signal is the only detectable
one and no interfering signals (blockers) are present, Out-of-Band (OoB) filtering
becomes unnecessary. The sole task is detection and decoding of the transmitted signal.
Consequently, the transceiver specifications can be simplified to two key parameters:
Maximum Error Vector Magnitude (EVM) and sensitivity. EVM, derived from the Bit Error
Rate (BER) mandated by the IEEE for Wi-Fi coding standards, serves as a primary
specification. It is a commonly used performance indicator, that measures the average
deviation between the transmitted (ideal) constellation points and the received ones
(Figure 2). These ideal constellation points are uniformly distributed across the
constellation plane, with the objective of hitting them to accurately decode the transmitted
data. The smaller the EVM, the closer the data is to the ideal points and more sophisticated
the modulation schemes can be employed. For instance, a 16-QAM scheme consists of
16 distinct points and carries a 4-bit word, whereas a 1024-QAM scheme contains
1024 points and carries a 10-bit word. The received points cluster around the target
point (blue) and must consistently fall within a designated boundary (red) to ensure
accurate decoding. Based on EVM measurements the maximum possible constellation
and coding rate, i.e. Modulation Coding Scheme (MCS) for Wi-Fi, can be determined to
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ADC and other linear amplifiers play a bigger role in sensitivity scenarios [12, 15].
That means that the ADC has a bigger impact in sensitivity and should be designed
specially with the DR as the primary specification consideration. Standard OFDM signals,
such as those employed in Wi-Fi, are inherently composed of multiple subcarriers,
eliminating the likelihood of scenarios where the ADC faces a single-tone input. This
somewhat simplifies the design process, as high single tone linearity, often used as a
benchmark for comparing converters in literature, is rarely required in practical applications
such as Wi-Fi or Mobile Communications.

OFDM signals utilized in all Wi-Fi standards starting from Wi-Fi 2 inherently manifest
random phase variations across subcarriers, leading to unpredictable summations over
time and varying peak-to-average ratios (aka crest factors) from symbol to symbol. This
dynamic behavior induces fluctuations in the RMS of the signal across different symbols,
necessitating the adjustment of the ADC to operate at varying backoffs from full scale
(FS). A trade-off exists between employing a large or small backoff. A large backoff
ensures that the ADC operates in a conservative region, minimizing the risk of overload
and packet loss. However, this may come at the expense of performance optimization.
Conversely, a small backoff may lead to optimal ADC performance but increase the
likelihood of overload, particularly during scenarios where subcarrier phases align in an
unfavorable manner. Wi-Fi standards accommodate a certain degree of packet loss,
acknowledging the limitations of hardware and signal dynamics. Therefore, selecting the
optimal backoff becomes an optimization problem, balancing performance and reliability.
This challenge is more pronounced in low-bandwidth scenarios, where the number of
subcarriers is limited. Conversely, higher bandwidth channels, with hundreds or
thousands of subcarriers, offer a larger degree of phase diversity, reducing the likelihood
of unfavorable summations and simplifying the backoff control. The precise backoff
control is implemented through an Automatic Gain Control (AGC) algorithm, a complex
topic that merits a dedicated thesis for thorough exploration. This discussion will not
delve further into the intricacies of AGC algorithms and the fundamental principles
governing backoff optimization in Wi-Fi OFDM receivers, focusing instead on practical
aspects of the ADC design.

The average crest factor of a generic complex Wi-Fi signal varies from 7dB to 10dB,
influenced by factors such as the specific modulation scheme employed, signal strength,
and environmental conditions. An additional 3dB is required to transition from the
complex RMS to the I- or Q-channel RMS value, bringing the average crest factor that a
single ADC encounters close to 12dB. A widely accepted design practice dictates that the
FS of analog circuitry should be positioned 3 dB below the supply voltage (VDD). This
approach provides sufficient operating margin for analog stages, particularly the AB-stage
in amplifiers, to function effectively and avoid excessive distortion. Given this consideration,
the ADC has been designed to maintain a 3dB backoff from VDD, resulting in an FS of
approximately 700mV peak. Accordingly, a generic operating point of -10dBm or 70mV
RMS has been established at the ADC input, serving as the target for the AGC to set the
signal chain amplification. This configuration leaves an average of 6dB for RMS variations,
representing a favorable trade-off where the ADC operates near its optimal performance
while still maintaining some backoff from full scale to prevent overloading and signal
clipping, which could potentially compromise the analog signal, leading to packet loss.
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A typical CT design process begins with an equivalent DT model. Parameters such as
the noise transfer function, the resolution of the internal QT, and the sampling frequency
are initially determined in the DT domain. The design is then converted into an equivalent
CT circuit, assuming precise knowledge of the transfer functions for each analog block.
In reality, this assumption is often inaccurate, necessitating extensive simulations and
iterative modeling to account for all analog circuit non-idealities and to achieve the
desired performance. Given the requirement for signal bandwidths up to 500MHz (as will
be further explained in the context of digital pre-distortion (DPD) modes), using a DTXAADC
was not a feasible option for this work. Consequently, only CTZAADC implementations
are discussed in the subsequent sections.

Due to their feedback-based systematic nature, ZAADC can be prone to instabilities
and oscillations if not meticulously designed. One particularly critical aspect unique to
CTZAADC modulators, which is not encountered in DTZAADC designs, is the ELD. ELD
refers to the nonzero delay between the QT clock edge and the time when a change in
output bits is observed at the feedback point in the modulator [20]. In a CT modulator,
ELD is defined as the timing delay between the sampling instant of the internal ADC and
the corresponding updated output signal of the internal DAC. Since in a DTZAADC
sampling happens at the input, ELD is not an issue, while in a CTZAADC it is one of the
most critical aspects of design. The ELD usually requires an extra compensation system,
called ELD compensation. The higher the ELD, the more compensation is required. If ELD
is very large and excessive compensation is required, the entire system can nevertheless
easily become unstable, especially when Dynamic-Element-Matching (DEM) techniques
are used to improve linearity [21].

This covers the Pre-Design section of the thesis. The next chapter will focus on core
design and is the main body of work for the thesis.
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variations and other imperfections. An ELD of 0.5 sets a solid baseline for DFM to achieve
very high yields and reliability. In the context of Wi-Fi 7, which supports RF bandwidths
up to 320MHz, necessitating a baseband section capable of handling bandwidths up to
160MHz, using an ELD of 0.5 imposes stringent limitations on clock rates due to signal
propagation constraints during signal digitization and propagation. Despite advancements
in process clocking speeds, the increase has not kept in pace with the shrinking process
nodes. Even when employing the most advanced CMOS nodes, signal propagation
limitations on chip severely restrict clock rates. Consequently, the ADC’s maximum clock
rate has been limited to 3.84GHz, corresponding to an OSR of 12 for 320MHz RF channels.
This constrains the quantization (QT) noise budget to lie closer to thermal noise than
necessarily desired in ZA converters with the QT Noise floor being only a few dBs under
the thermal noise. Given that the EVM requirement remains constant within the
802.11be standard across different RF bandwidths, oversampling is maintained when
switching between bandwidths by adjusting the clock rate instead of the oversampling
ratio. This strategic approach substantially lowers power consumption in the switching
circuitry in lower BW modes, where power consumption is critical due to new European
Union Code of Conduct rules.

The design targets and topology for the CTZAADC were based on all these

considerations and learnings from previous projects and are set to be:
e SNDR @ -10dBm: -57dB
e Dynamic Range: 77dB (~12.5ENOB)
e Power Consumption: <45mA @ 0.95V per single 320MHz channel (double for 1/Q)
e Area: <0.1mm?per channel (double for 1/Q)

Considering the specified design goals, a 3rd-order, 6-bit full feedback CTZAADC
operating at 3.84GHz, ELD of 0.5, and OSR of 12 was deemed the most suitable topology
for the task of creating a Wi-Fi 7 W320-compatible converter that gives a competitive
advantage while maintaining low power consumption. Smaller bandwidth modes (like
W160 and W80) were created by reducing the clock rate, relaxing coefficients and
reducing power, while maintaining the same OSR.
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Figure 13. Designed matlab model of the SJAADC MTPR Performance vs input power.
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be caused by blockers from neighboring channels. Signal peaking is a genuine concern in
wireless systems because it can lead to signal overloading in the presence of strong
blockers. AGC algorithms favor predictability and aim to avoid signal peaking across
various process corners. While other filter topologies can offer sharper roll-off and
potentially more far-band OoB filtering, this does not outweigh the potential harm from
near-band OoB peaking. The choice of filter topology, therefore, must carefully balance
the desire for sharp filtering with the need to minimize signal peaking. Butterworth filters,
with their smooth STF and inherent resistance to signal peaking, prove to be an effective
initial choice for high-speed ZAADCs operating in scenarios with high bandwidths and low
OSRs.

While the system’s performance does not hinge on the AADC providing additional
OoB filtering, it proves to be highly beneficial in providing extra headroom to safeguard
the system overload from signal clipping. This is also the primary rationale behind opting
for a filter topology with full-feedback, wherein each integrator has its own dedicated
feedback DAC. The topology has superior attenuation compared to feed-forward filter
structures, that in contrast provide wide-band STFs. This somewhat mitigates the reduced
filtering inherent in Butterworth structures, compared to its competitors, thus offering
the optimal combination of features.

Wi-Fi 7 standard encompasses RF channels with bandwidths of 20MHz, 40MHz, 80MHz,
160MHz and 320MHz. To facilitate a power-efficient converter with minimal overdesign,
each of these modes should be accompanied by a dedicated ADC mode. As described
earlier in the thesis, the ZAADC OSR is maintained constant across each designed mode,
implying that quantization noise is also designed to remain similar across different
modes. Each mode necessitates a set of distinct coefficients, which are implemented in
circuitry comprising a specific combination of resistors and capacitors within the filter to
construct integrators and currents sources in the feedback DAC. More aggressive
coefficients necessitate higher bandwidth integrators, which are realized using smaller
RC values. This implies that lower bandwidth modes demand passive components that
are larger in size. To minimize the overall layout footprint of the ADC within the SoC, only
dedicated modes for 80MHz, 160MHz, and 320MHz RF bands have been implemented.
Specific modes for 40MHz and 20MHz would demand capacitor sizes that would
disproportionately expand the filter’s size and were therefore omitted. For lower
bandwidths, including modes like 40 MHz and 20 MHz, the ZAADC would operate either
in the 80 MHz mode (minimum BW supported) or in the VCO mode, what will be
discussed later in chapter 6.17.

The majority of the ADC’s overall thermal noise budget is attributed to the passive
resistors that comprise the integrators and the current sources that form the feedback
DACs, particularly the resistor in the first integrator (R1) and the current cells in the first
DAC (DAC1) (Figure 37). This thermal noise component reduces in prominence when
transitioning to lower bandwidth modes if noisy analog components like resistors, opamps
and feedback DACs are kept the same. The integration bandwidth is reduced in tandem
with the mode bandwidth, resulting in a 3dB reduction in the thermal noise component
for each halving of the BW. It is however advantageous to maintain thermal noise in
sync with quantization noise for optimal power consumption. For amplifiers, this is
accomplished through BW programming, which also affects opamp noise performance.
However, for other noisy passive components like resistors and current sources, such
programming becomes challenging due to the RC-tuning employed within these
components. The only feasible and efficient option is to either double or halve all
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available resistors and double or halve all DAC cells, thereby modifying the bit-width of
the ADC to sustain similar thermal noise performance across modes. This approach led
to the implementation of four primary modes for the ADC: W320, W160, W160LP, and
W80. These modes are created using only two sets of options for programming all
resistors, capacitors and current sources:

e W320is the ADC mode intended for the 320MHz RF bandwidth Wi-Fi mode, it uses
resistors and capacitors that are both programmed to minimum nominal value
available and the feedback DAC that is operating in 6-bit mode. The mode works
with a 3.84GHz clock.

e W160 is the ADC mode intended for the 160MHz RF bandwidth Wi-Fi mode, it uses
resistors that are programmed to minimum and capacitors programmed to the
maximum available and the feedback DAC that is operating in 6-bit mode. The mode
works with a 1.92GHz clock.

e WI160LP is the ADC mode intended for the 160MHz RF bandwidth Wi-Fi mode,
it uses resistors that are programmed to maximum and capacitors programmed to
the minimum available and the feedback DAC that is operating in 5-bit mode.
The mode works with a 1.92GHz clock.

e W80 is the ADC mode intended for the 80MHz RF bandwidth Wi-Fi mode, it uses
resistors that are programmed to maximum and capacitors programmed to the
maximum available and the feedback DAC that is operating in 5-bit mode. The mode

works with a 0.96GHz clock.

mw/e“;;"‘m?::e C ;
w320 78dB :w160 81dB
. 84dB ! 84dB
R o) =557 BB 5 222
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-t
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Figure 14. Different modes of the SJAADC.
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To achieve the target dynamic range of ~77dB across all modes, while targeting that
thermal noise ideally remains slightly more dominant than the QT noise, an initial noise
budgeting exercise was undertaken. This approach involved optimizing the coefficient set
for the most demanding mode (w320), and then utilizing those coefficients as a starting
point for the remainder (Figure 14). Starting the profiling at the hardest achievable mode
will optimize the coefficient set for that condition only, while the rest will be byproducts
from the initial choices, meaning that the coefficient design is constrained to a limited
number of degrees of freedom and is subject to significant limitations. The design target
for thermal noise for the w320 mode was set at approximately 78dB, while QT noise was
budgeted to be in the range of approximately 84dB. The w160 mode utilizes an identical
set of coefficients to the w320, as both clock and integrator BWs are scaled similarly.
The only distinction lies in the thermal noise, which is reduced by 3dB due to the halved
integrated signal bandwidth. A reduction in ADC bit-width from 6-bit to 5-bit introduces
an increase of 6dB in quantization noise (corresponding to loss of one ENOB).
Consequently, the quantization noise budget for 5-bit modes is reduced to 78dB. This
increased quantization noise is counteracted by a corresponding decrease in thermal
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noise. For each halving of the signal bandwidth, total thermal noise reduces by 3dB under
identical conditions. However, switching to 5-bit operating modes also incurs an
additional 3dB of more thermal noise for the same bandwidth due to the doubled
resistance. Essentially by employing such strategy, the number of coefficient sets was
reduced from four to one, as all modes need to use the same set of coefficients.
Nevertheless, while not the optimum solution in terms of flexibility, this strategy was
implemented to facilitate analog design and layout, limit switching behavior, reduce
parasitics, and suppress unwanted parasitic zeros in the transfer function.

The proposed third-order design also presents the opportunity to incorporate one
resonator within the ADC loop-filter. This resonator modifies the ADC’s NTF by shifting
zeros away from the origin to distinct frequencies, thereby enabling the creation of deep
notches or attenuations in specific frequencies of the noise spectrum. This approach
effectively helps in shaping the quantization noise spectrum by concentrating noise
energy in a more favorable manner, allowing for a more uniform noise distribution within
the desired frequency band. Furthermore, it ensures a more efficient shaping of the
noise, emphasizing certain frequency components more than others. The resonator is
implemented by placing a resistor with a specific value between the output of the third
integrator and the virtual ground node of the second integrator. This creates a feedback
signal path that bypasses a portion of the two DACs and the third-order noise shaping
property of the coefficients. This approach does not affect how much total noise is shaped
out of the band (Hinf), but rather changes only its in-band shaping, that can be more
beneficial in dedicated use cases.
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Figure 15. Shifting resonance frequency to create the DPD mode.

Resonators can be further leveraged by employing them with varying values,
essentially trading noise shaping bandwidth for its effectiveness (Figure 15). Recognizing
this potential, additional feature, designated as DPD modes, with the sole objective of
extending bandwidth while compromising some performance, were introduced. DPD is a
technique that enables digital linearization of power amplifiers in the transmit pathway
by pre-distorting the transmitted signal. To implement DPD, the digital control algorithm
must first be trained using a dedicated feedback receiver to minimize the third harmonic
distortion (HD3) during transmission. This algorithm requires the ability to detect distortion
during transmission and then apply appropriate correction. To accurately detect HD3,
an ADC with three times the bandwidth of the transmitted signal is necessary. Rather
than constructing a separate wideband ADC, which would unnecessarily complicate the
system, this capability has been integrated into the CTZAADC by modifying the resonator
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6.3 Top-Level Design of the ADC

This chapter covers the following topics:
e  Top-level design and various sub-modules making up the entire ZAADC.

As a part of a wireless system employing an I/Q modulation, the proposed I/Q converter
incorporates separate ADCs for the I-channel and the Q-channel. While most of the
sub-modules within the ADC are dedicated to specific channels, some are shared for
efficiency and performance (Error! Reference source not found.). This approach ensures
that the 1I/Q converter can manage the complex signal processing requirements of
wireless communication while maintaining high fidelity, with the lowest possible power
consumption.

List of dedicated modules for one channel: List of shared modules for I/Q:
1) Loop-Filter 8) Feedback DAC
2) Quantizer 9) Master Clocking
3) Overload-Detection 10) Calibration Clocking
4) Excess-Loop-Delay Compensation 11) Calibration Machine
5) QT-Calibration assistance 12) Biasing
6) Overload Masking 13) Active Capacitor
7) VvCO 14) Digital Interface
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Figure 18. Top-level design of the CTSAADC.

Everything not needed for a dedicated channel, such as clocking, biasing, and
calibrating, have been integrated into shared sub-modules. This strategic consolidation
serves to minimize the converter’s footprint while concurrently optimizing power
efficiency. Nevertheless, it is imperative to carefully address considerations such as
supply isolation and signal feedthrough during such fragmentation. Subsequent chapters
will delve into a detailed examination of the design intricacies of each sub-module.
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6.4 Design of the Loopback Filter

This chapter covers the following topics:
e Design considerations for the Loopback Filter.
e Topology of the Loopback Filter.
e The design of the integrators.
e The design and tuning of the passives.
e The design of the operational amplifiers.

6.4.1 Design Considerations for the Filter

The CTZAADC incorporates a third-order full-feedback filter employing tunable capacitors
for mode programming and tunable resistors for RC-tuning to compensate for process
variation. The capacitor-based mode programming selects the desired bandwidth of the
ADC, while the 5-bit resistor-based fine-tuning is used to refine the final RC product.
The filter features two distinct input paths: the primary input, sourced from the PGC in
the RX chain, and the secondary input, originating from the loopback path. This versatile
loopback input serves multiple purposes, including an external test input, a test buffer
for various SoC nodes, or a loopback input for performing calibrations necessary to
optimize overall system performance.

Power consumption has emerged as a critical design consideration in many modern
electronic systems. The CTZIAADC adopts a comprehensive approach to power
optimization, particularly targeting the filter programming and opamp topologies.
The strategy aims to minimize power consumption while ensuring optimal performance
for each supported mode. The 3rd-order filter employs three active integrators, each
meticulously crafted with a unique set of coefficients tailored to specific operating
modes. This optimization ensures consistent SNDR per tone and DR across all selected
modes, regardless of the bandwidth setting. As a result, low-bandwidth modes do not
demand the same amplifier performance as high-bandwidth, greatly enhancing power
efficiency. To achieve performance optimization, the opamps are designed with multiple
power modes, each offering a distinct combination of open-loop bandwidth and noise
performance. This flexibility enables the selection of the optimal opamp mode for a
specific Wi-Fi mode, ensuring that power consumption aligns with the actual
requirements. By incorporating mode-specific amplifier design and multiple power
modes, the CTZAADC successfully implements a multi-faceted approach to power
optimization. This comprehensive strategy significantly reduces the overall power
consumption, contributing to the overall energy efficiency of the device.

The CTZAADC's ability to operate in both 5-bit and 6-bit configurations necessitates a
scalable resistor bank that can accommodate both options. This design incorporates
redundancy into the resistor bank, enabling it to be easily transferred between the two
modes based on the selected configuration. The capacitors, on the other hand, are not
tunable and are solely utilized for selecting the base Wi-Fi mode.

The resistors are therefore built with redundancy, so they can be either used in 5-bit
mode or 6-bit mode, depending on what mode is selected. Since the entire RC-tuning is
performed exclusively through resistors, the tunable range must encompass both resistor
and capacitor process variations. This means that the designed resistor bank must cover
a minimum range of:
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The designed amplifier employs a fully differential four-stage double feed-forward
compensated signal path, a two-stage Miller compensated common-mode loop, and a
four-stage feed-forward compensated common-mode loop (Figure 23). The feed-forward
compensation ensures a sufficiently high loop gain across the entire desired operating
bandwidth, where poles from A1, A; and Aasour offer a fast roll off and Arr and Aasrr
introduce a zero before the UGF. At DC and low frequencies, the gain from A1, A2 and A1
and Aagz is dominant and provides the gain and linearity across the entire operating band
of interest. The feed-forward stages Arr and Aasrr can be viewed as loads that reduce the
total output impedance at the outputs of the second stage and at the AB stage, which in
turn slightly diminishes the gain from that stage. The feed-forward stages become
dominant once the gain of the cascaded stages drops below the gain of the single
feed-forward stage itself. Are>A1*A2 and Ansrr>Ans1*Ansa. At frequencies approaching the
GBW, the opamp essentially operates as a two-stage amplifier comprising of stages Arr
and Anerr.

The pole placement becomes extremely critical in this kind of complex systems.
The poles introduced by A1, A2, Arr, Ane1, and Aas2 should be strategically positioned
immediately after the desired signal bandwidth, as closely as possible, to maximize their
beneficial effects and roll-off behavior. Stages Az and Arr are intentionally designed to be
similar and to have the same corner frequency. While this is not mandatory, it simplifies
layout matching considerations and common-mode control scenarios, as they can now
be controlled by a single stage Axcm (Figure 24). This means that transition from medium
to high frequencies coming from the first and second stage being dominant to the
feed-forward stage being dominant, will result in a change from second-order roll-off to
a first order roll-off in the first part of the amplifier. In the AB stage however the
feed-forward stage Aasrr is designed to have a real non-dominant pole in a much higher
frequency, so that it could provide a double zero very close to GBW. When crossing the
0dB gain point, the system can behave much like a single pole amplifier, with the single
dominant pole coming from Asr This means the only current hungry stage is the Aaser,
which in reality will consume close to half of the total current of the amplifier.

2nd AZCMA'\ fT\ fr\ J

cm

ATA IR A

Input from prev stage Input
¢ .

Figure 24. Second common-mode loop control.

The designed amplifier has two common-mode loops aimed at fixing the common-mode
voltage of the opamp output. These loops are distinct in their composition, sharing
certain stages with the signal path while also incorporating unique stages. The primary
objective of the first loop is to translate the system-specified common-mode reference
voltage (Vem_in) into a predefined common-mode voltage at the output of the initial stage.
This loop is built as a two-stage Miller-compensated sub-amplifier comprising of stages
Aicm and Az The dominant pole within the loop is strategically placed at the first gain
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The fully-differential topology of the opamp (Figure 26), which is necessary for most
high-performance systems to reject potential unwanted noise and disturbers needs also
careful planning in layout. While all gain stages except for the AB-stage are composed of
plain differential pairs with differential outputs, it gives the distinct advantage, that one
does not need to worry about polarities of the signal as both inverted and non-inverted
outputs are always available. AB-stage is built from a direct path in the P-MOS side,
that also acts as a feedforward path and a dual amplifying stage N-MOS side, where the
first stage is a standard fixed current source gain stage. All paths in the filter and in the
opamps should form non-crossing loops with minimal length paths to be effective and
high-performing (Figure 27a). The dimensions of the amplifier are drawn approximately
60um*60um in layout (Figure 27b).
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Figure 27. a) Floorplan of opal; b) Layout of opal.

6.4.3.2 Programming of opal
Opal incorporates four built-in bandwidth modes, just like the other two amplifiers in
integrator2 and integrator3, with two additional unique features tailored to its specific
design. The BW programming of the amplifier is targeted to fulfill the PL specification of
1° for different primary Wi-Fi modes. The target opal current consumption with each
programming step to reach PL of 1° is dedicated as 0:1:3, where:

e 0:used for W80 mode; Target Iq ~1.5mA

e 1:used for W160, W80DPD and W160LP; Target lq ~3.0mA

e 2:used for W320 and W160DPD; Target lo ~4.5mA

e 3:used for W320DPD; Target Iq ~6.0mA

Mode programming is typically achieved in all opamps by only changing the biasing

current in sources lo, I1 and l.. This approach changes the output impedance of all
amplifying stages, simultaneously shifting the poles associated with each high-impedance
node and the zeros linked to the FF-stage crossings. This technique maintains the
amplifier’s structure intact, avoiding the need to add or remove branches for individual
device programming, thereby minimizing parasitic effects. The only notable exception to
this method is the first stage programming in opal. Due to the critical importance of noise
performance, the tail current in this stage is kept constant over modes to preserve the
much-needed noise floor. Instead, bandwidth programming is implemented by modifying
the capacitive load Cc at the output of the first stage. The significance of programming
the opamp without altering its topology is particularly evident in zero placement, which
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6.4.5 Design of Integrator3

Integrator3 comprises a resistor (Rs), a capacitor (Cs), and an amplifier (opa3), with the
product of C3 and Rs determining the integrator’s integration frequency. Cs selects the
coarse frequency for mode programming, while Rs is used to 5-bit fine-tune the accuracy
to accommodate process variations.

Because the third integrator needs to support a very large integration frequency,
its proper implementation is considered the most critical aspect of the entire ZAADC
design. To achieve the desired integration bandwidths, the Rs and Cs product must be
very small. However, if the resistor is chosen too small, it becomes difficult for opa2 to
drive the resistive loads. Conversely, if the capacitor is too small, parasitic effects become
dominant and can significantly impact signal propagation and system integrity (Figure
33a). To address this challenge, special care is dedicated to minimizing the distances
between components connected to opa3’s virtual ground, thereby minimizing parasitics
and ensuring signal integrity. This design consideration serves as the foundation for
proper layout planning in the entire ZAADC, emphasizing its importance.

Similar to C1 and C, the design strategy for Cz employs a straightforward approach,
dividing the total capacitor into three distinct segments: 75%, 25%, and 100% of the value
required for the highest bandwidth W320 mode. This enables programming the capacitor
to 75%, 100%, 175% and 200% of its original value, accommodating the desired operating
modes. In addition, a small 100Q resistor has been placed in series with the 75% part of
the capacitor, which is always connected. This resistor introduces a desired zero in the
transfer function, intended to compensate for phase loss caused by the opamp (Figure
33b). The placement of the zero is inherently inaccurate due to the absence of fine-tuning
and the influence of process variations. However, it serves as a helpful and useful aid
rather than a definitive calibration mechanism.

Cs o —t

140% C

Vopa2_out R3 2:5% (o

opa3 . QT

Figure 33. a) Integrator3 of the loop filter; b) C3 of the loop filter used for mode programming.

Like Rz, R3 also has only one input. It is connected to a 5-bit tunable resistor that can
be configured to operate in either 750Q or 1.5kQ mode, depending if the ADC is operating
in a 6-bit or 5-bit domain. Like Rz, Rs also does have a built-in option to modulate the
impedance of the resistor in frequency domain. The same RC combination can be enabled
as a test feature to enhance the maximum BW of the ADC by shaping noise away in a
more favorable manner.

Resistor Rz is constructed from 3.5kQ unity resistors, enabling a total tuning range of
60% to 160% to accommodate the process extremes in manufacturing. The resistor is
implemented using an internal 6-bit binary tuning scheme, which is externally controlled
by a 5-bit word (Figure 34). When operating in 750Q mode switches <7> and <6> are
closed, while switch <0> is opened and the 5-bit control is realized with switches
<5>...<1>. In contrast, when operating in 1.5kQ mode, switch <7> is closed, switches <6>
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6.4.6 Design of the Resonator

The proposed third-order design also presents the opportunity to incorporate one
resonator within the ADC loop-filter. This resonator modifies the ADC’s NTF by shifting
zeros away from the origin to distinct frequencies, thereby enabling the creation of deep
notches or attenuations in specific frequencies of the noise spectrum. For most effective
implementation, the resonator has been realized by placing a feedback resistor between
the output of opa3 and the virtual ground of opa2.

Creation of notches, trades away the third order noise shaping of the ADC with a first
order noise shaping at lower frequencies. The implementation needs to create gain from
the resonator feedback configuration in conjunction with Rz. Rreso, that is used to build
the resonator, that shift filter zeroes away from origin in a constant manner over process
corners, need to be RC tuned similarly as the integrator resistors, so that the ratio
between Rz an Rreso stays constant. Meaning that the value of Rreso usually needs to be
in order of magnitude higher than R.. Building large n-bit tunable resistors in a similar
way as described for the integrators can be challenging, because of the large footprint
they will exhibit. Each extra bit would require a resistor with twice the nominal value of
the previous one. For that reason, an R2R resistor network has been utilized in the
creation of the Rreso (Figure 37). An R2R network allows us to configure a small value
n-bit tunable resistor to a larger one, by redistributing the units in the 5-bit resistor as a
resistive divider before the reference resistor Rx. Since R is already connected to the
virtual ground of the integrator2, an exact copy of Rz, together with a larger resistor Rx
has been duplicated and connected from the virtual ground of integrator2 to the output
of integrator3. By doing this, a 5-bit RC tunable Rreso can be easily built from a 5-bit RC
tunable Rz by just adding a much larger untuned resistor Rx.

Rz
T o g
a | b E
S:;:zﬁqa’ Reeso
i RRreso

Figure 37. 5-bit, tunable R2R resistor used for creating the resonator.

If Rx is much greater than Rz, the total resistance of the resonator becomes:
Ry
Rreso = —p— (7)

(g8)
where Rx is the physical value of the placed resonator resistance and n is the number of
parallel branches selected by the tuning word, where n = tuning_word + 24. Rx value can
be made easily programmable afterwards, to fit a wide range of notch placements. This
allows for an optimum value resonator selection for each primary Wi-Fi mode and the
implementation of DPD modes for PA linearization discussed earlier. Switching from
primary mode to DPD mode is only done with gain programming for the resonator, with
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of the coefficients has to guarantee no extended time in the dead zone. Fortunately, with
a 6-bit QT, the quantization step is sufficiently narrow to minimize the likelihood of this
issue. The HI/LO comparators are dedicated to signal overload detection and are not
directly integrated into the system loop. Instead, they trigger a reset signal for the
loopback filter and generate a digital warning signal for the system, as will be discussed
in the dedicated overload detection chapter.

6.5.2 Comparator
The core of the QT is the comparator — a critical component responsible for making rapid
decisions regarding the input signal voltage. Comparators compare the input signal
voltage to a predefined reference and determine whether the input signal voltage
exceeds or falls below the reference at the sampling edge of the clock.

The comparator itself is composed of three essential elements (Figure 40):

e Pre-amplifier (Pre-amp): The pre-amplifier serves three primary functions.
It amplifies the voltage difference between the input and reference signals,
performs a level-shifting operation to ensure optimal common-mode voltage for
the latch input and introduces a programmable offset for calibration purposes.
This offset is introduced through a local 3-bit memory cell embedded within
each pre-amp.

e Llatch: The latch serves as the decision-making unit, determining the binary
output of the comparator based on the input signal comparison. It stores the
decision until the next clock cycle, ensuring the integrity of the quantization
process. The latch’s design prioritizes speed over all other considerations,
enabling ultra-fast decision-making.

e Signal Buffers: Signal buffers are used to convey the output of the QT to the
feedback DAC and the ELD DAC. They are designed for optimal signal
propagation between the QT and the DAC, that have considerable physical
distance in between.

address<5:0>
cal_in<2:0>

Comparator
Vin_p o
Vrefn<x>D —D Vout_p
latch buffer
Vrefp<x>D DVout_n
Vin_n D

Figure 40. Comparator slice in the QT.

The comparator’s physical implementation adopts a slice-based approach, whereby
distinct cells are arranged adjacently to form vertical columns. Each slice is designed to
be similar in size and parasitic characteristics to maintain a manageable total column
width. To achieve this, the width of each slice is restricted to a maximum of 4um.
In a 6-bit QT, this translates to over 200um per channel, potentially affecting the 1/Q
converter’s geometry. Consequently, each sub-module within a slice must adhere to the
specified 4um footprint and refrain from excessive complexity. This slice-based design
methodology ensures that the comparator operates at the highest possible speed, enabling
the ADC to achieve its target performance specifications. Moreover, the compactness of
the design minimizes parasitic effects and contributes to the overall efficiency of the ADC.
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6.5.3 Reference Generation and Pre-Amplifier

The reference for each comparator is derived from a resistor ladder composed of 79 unity
resistors (Figure 41). This arrangement produces a potential of 78 unique voltage
references, from which 60 inner ones are used for the signal path and two are used for
overload detection. This sets the full-scale voltage at 60/79 of VDD or roughly 0.72V peak
(VDD = 0.95V). Each pair of voltage references serves as one differential input to the
pre-amp. The pre-amp is not a sampling circuit, but an open loop amplifier with a passive
load (Figure 42). It consists of a differential quadruple input made from devices M1, My,
Ms and M4 and passive load composing of tunable resistors R.. The second pair of inputs
are connected directly to the loop-filter output, implying that the third integrator sees a
capacitive load consisting of all the pre-amplifiers connected to it. This forms a differential
amplification circuit that amplifies the difference between the differential loop-filter
output to the differential reference generated by the resistor ladder. As a single-stage
amplifier, this structure offers limited amplification but is power-efficient, straightforward
to implement, does not cause much delay and is compact enough to be physically placed
within the specified layout width constraints (4um).

—I——|R<78> R<77> R<76> R<75>[-memrmramearaceacs [r<a1> R<40>|—¢

—I_—| R<0> R<1> R<2> R<3>I -------------------- IR<37> R<38>)—l
- o

Figure 41. Resistor ladder of the QT.
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The passive load for the differential quadruple input is realized with two
programmable resistors (R.), that can be separately adjusted to approximately 70%, 80%,
90% or 100% of the nominal value. The nominal value of the resistors is chosen to
level-shift the input signal to a voltage best suited to the succeeding latch module,
ensuring the fastest possible decision-making. In addition to the programmable resistors,
each pre-amplifier integrates a local 3-bit memory cell that independently controls the
corresponding tuning values. This feature introduces the capability to intentionally
introduce an offset at the pre-amplifier output, known as QT trimming. The deliberate
introduction of a reverse offset serves to counterbalance for inherent offsets arising from
device mismatch. Access to the memory cell is facilitated by selecting a unique address
corresponding to the specific pre-amplifier and then setting the desired calibration code.
Each pre-amplifier has its own dedicated address, accessible through a specialized
calibration machine. The calibration functionality is discussed in detail in Section 6.13
dedicated to the calibration machine.

6.5.4 Latch and Buffers

The latch serves as a sampling circuit, periodically capturing a snapshot of the input states
with the rising edge of the clock input. Its inputs are directly connected to the outputs of
the pre-amplifiers, ensuring that the latch receives the amplified and level-shifted input
signals, latching the difference and holding their comparison until the next rising edge of
the clock (Figure 42). The latch’s behavior resembles that of an open loop amplifier with
infinite amplification. To retain the captured state until the next clock cycle, the latch
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completes its journey within half a clock cycle (T). The total time which the system has
allocated for the propagation therefore is:
1
T= D xfs
where fs is the clock rate used and D is the duty cycle of the clock.

In case of the highest mode supported (w320), where the system is working with
3.84GHz clock, the ELD budget is approximately 130ps. Of this budget, approximately
60% is allocated to the QT decision-making process (T1), while the remaining 40% is
dedicated to signal propagation from the QT output to the DAC latching (T2). This
allocation strategy is only designed for modes operating at the highest clock rates.
The reason for this is that the latching and buffering characteristics remain consistent
across different modes, and signal propagation becomes a critical factor only in modes
where the time budget is most constrained. In modes operating at lower clock rates, the
decision-making time (T1) remains constant, but the total available time for signal
propagation (T) increases.

If signal propagation cannot be guaranteed within the allocated time budget, the onset
of metastability will gradually increase, leading to a quickly elevating noise floor. That
means that in roughly 80ps the comparator must make a decision, in order not to violate
the strict meta-stability requirements. If the input signal was nearly equal to the
reference voltage established by the resistor divider, intrinsic decision latency in regular
latches can be significantly extended. To address this challenge, the latch incorporates an
internal cross-coupled inverter preceding the final SR-trigger. This inverter mechanism
forces a decision to be rendered by the time the input crosses the half VDD threshold,
even if it is not entirely accurate.

If an erroneous decision is made and the error in the loop filter exceeds expectations
for the entire cycle, the loop filter’s integration speed will increase, eventually
noise-shaping out the error without the loss of SNR. The only consequence will be some
extra out-of-band peaking. However, if the decision-making process takes longer, and
the final value, including signal propagation exceeds the allocated time budget T,
meta-stability occurs, where the digital output code is not present in the loop for the
entire length of the cycle. When this happens, the SNR will degrade depending on how
long the time limit was violated. Therefore, it is preferable for the AADC to prioritize
quick decision-making, even if it sometimes leads to inaccuracies, rather than accurate
decision-making that compromises the decision-making speed.

In rare instances, over many conversions, the 80ps time budget may still be surpassed,
potentially violating the metastability constraints. This scenario typically manifests in a
single comparator at a time, depending on the level of the input signal and its proximity
to the reference voltage levels. Violating the time budget does not automatically mean
meta-stability as the DAC logic is built with redundancy and will in most cases use a faster
path. In rare unfortunate cases however, when the particular slice where slow decision
making occurs, happens to be in calibration and the signal needs to be re-routed the
allocated time budget might not be enough. This cannot be totally avoided and the
possibility of meta-stability happening is a certainty over many conversions. The DAC
latch is therefore built transparent to minimize the total effect of it and will be discussed
in the following chapter.

(8)
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6.5.7 Optimization of the Quantizer

Minimizing area and power consumption was a paramount consideration in the ADC
design, driven by the need to adhere to emerging industry standards and secure a
competitive edge in the highly competitive market. Any advantage over the competition
could prove to be a decisive factor, making it crucial to optimize the ADC’s resource
utilization. Different techniques, such as switching the ZAADC between 6-bit and 5-bit
modes and reducing opamp BWSs, have been implemented across the module to
accomplish this.

One of the areas where substantial power savings can be made, is the 6-bit quantizer.
A pure 6-bit QT consists of 60 rows of comparators, so making any reduction in this count
translate into a substantial gain. The total current consumption of the QT can be
translated into static and switching currents. While static current remains constant,
dynamic current is dependent on the clock frequency. Transitioning to lower clock rates
only reduces switching current. The resistor ladder and pre-amplifiers contribute to static
current consumption, while latches and buffers account for the dynamic component.
Reducing the number of latches has a proportional current benefit among all modes.
Reducing the number of pre-amps is over-proportionally beneficial in modes with lower
clock rates, as it reduces a bigger proportion of over all current consumption.

Quantizer resolution is particularly important for the mid-levels of the QT, when the
ADC is operating around input levels that are close to differential zero. This happens
around 90% of the time, since even when the ADC is not operating in sensitivity, OFDM
signals are typically characterized by relatively low RMS power levels and moderately
high crest factors. Therefore, power optimization efforts should prioritize maintaining
full performance in the mid-levels of the QT, while allocating less resources to the
outer-levels.

One approach to reducing power consumption is to lower the resolution of the QT
near the outer edges by expanding the step size of the references (Figure 45). This allows
for the removal of entire slices of QT comparators, significantly reducing both static and
dynamic power consumption. When partitioned effectively, the SNR is minimally impacted
due to the ADC’s backoff mechanism. These lower-resolution comparators at the edges
are only employed in rare instances when subcarrier phases align in an unfavorable
manner. For the majority of the time, the ADC would operate at full performance without
any power penalty.

+ Quantisation Noise

Total Noise

SNR (dB)

5bit operation 3.5bit operation
Signal (dBm)

Figure 45. a) Non-uniform QT; b) Performance estimation of a non-uniform QT.
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Another avenue to minimize power consumption lies in intelligently leveraging existing
information for multiple purposes within the QT. One such strategy involves interleaving
a single reference to generate input stimuli for multiple latches. The latch possesses a
segregated input that is already partitioned into two positive inputs and two negative
inputs. Instead of using a single differential input as stimulus for the latch, two sets of
inputs that are then compared to each, can be used. This functionality mirrors that of the
differential quadruple in the pre-amplifier, except instead of performing subtraction,
it serves as a summer. This approach eliminates the need for every other reference and
pre-amplifier, effectively halving static current consumption.

6.5.8 Quantizer Calibration

An ideal comparator transitions its output state when the input signal crosses a
predefined threshold value. If the comparator’s output changes at a voltage other than
the intended threshold, it is said to exhibit an offset. For an ideal 6-bit QT, the output is
divided into 60 uniform steps, with each step having a constant and linearly spaced width.
However, real-world comparators may exhibit non-idealities due to mismatches within
their internal circuitry, resulting in nonlinearly spaced output steps. Any deviation from
the ideal step width is called differential non-linearity (DNL). DNL quantifies the
difference between the analog values corresponding to adjacent input digital values.
It is an important specification for measuring errors in ADC. Ideally, any two adjacent
digital codes correspond to output analog voltages that are exactly one Least Significant
Bit (LSB) apart While moderate DNL errors can be mitigated by the sigma-delta
modulation process, minimizing DNL is essential to prevent an increase in QT noise,
mismatches between the STF and NTF and, most importantly, 1/Q imbalance. To correct
the DNL deviation, calibration schemes have been developed and implemented. For an
ideal ADC, the DNL is zero LSB. In a practical ADCs, DNL errors come from its architecture
and cannot be avoided.

A
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Figure 46. a) Memory cell of the offset generation; b) Resistor tuning of the QT offset generation.
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To calibrate the DNL errors each pre-amp has a built-in 3-bit trim feature (Figure 46a).
By changing the value of the passive load RL in the pre-amp, a deliberate offset can be
introduced. The load resistor RL can be programmed to roughly 70%,80%,90% or 100%
of the nominal value, resulting in an approximately 7mV step, depending somewhat on
the gain of the preamp, which is process dependent (Figure 46b). A 7mV step will
determine the total tunable range of +21mV per comparator, meaning the generically
occurring offset should not exceed +24.5mV to reach an error of better than plus/minus
half step.
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Table 5. Simulation summary of the important parameters of the QT latch.

Comparator

Parameter Unit Value Comment

Corners Used Min  Mean Max StdDev Method used: Latin Hypercube (1000 runs)

Delay ps 57.8 650 84.4 3.82 Delay ofthecomparator

Offset 1 (Total) mV -20.2 0.2 21.2 5.18 Offsetof the full comparator

Offset 1 (Pre-Amp) mV -11.9 0.2 16.4  3.85 Offsetof the full comparator (Pre-Amp mismatch only)

Offset 1 (Latch) mV -13.2 0.2 11.3 3.30 Offset of the full comparator (Latch mismatch only)

Offset 2 (Total) mV -185 -0.1 144 581 Offsetoftheinterpreted path comparator

Offset 2 (Pre-Amp) mV -123 -0.1 10.7 3.89 Offsetof theinterpreted path comparator (Pre-Amp mismatch only)
Offset 2 (Latch) mV -153 0.0 13.6 4.59 Offset of the interpreted path comparator (Latch mismatch only)

249080
[ sabe siszsam

Figure 49. Uncalibrated offset distributions of the Comparator modules simulated in Cadence design
environment.
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