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CHAPTER

Introduction

1.1 Wireless Communication

In 1895, Guglielmo Marconi transmitted and received the first wireless sig-
nal to overcome the limitations of wired communication. Little did he know
that his invention made so much change in the future of humanity. Marconi’s
breakthrough revolutionized human communication by enabling the exchange
of messages invisibly through the air, what we now know as wireless commu-
nication nowadays. What began as a simple transmission and reception has
evolved through the years to become the backbone of technologies that connect
everything from smartphones and satellites to the Internet of Things (IoT) and
smart homes.

In the late 1980s, wireless communication took a significant leap forward
by introducing the Global System for Mobile Communications (GSM). The
main difference between GSM and previous technologies was utilizing digital
communication to enhance the quality, security, and efficiency of mobile com-
munication. GSM also introduced some brilliant technologies, such as short
message service (SMS), which made mobile communication part of our daily
lives. GSM paved the way for modern mobile communication, and even today,
GSM is still in use across many parts of the world.

As shown in Fig. 1.1, GSM operates using a cellular network structure that
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Figure 1.1: A simplified example of cellular network used for GSM.

divides a geographic area into multiple cells. Each cell is served by a base
station (BS), which facilitates communication with end users, referred to as user
equipment (UE). In this network, UE continuously searches for the nearest cell
to establish a communication link with the BS. Communication between the UE
and BS occurs over two distinct links: uplink and downlink. A downlink refers
to the transmission of signals from the BS to the UE, while an uplink involves
the UE transmitting signals to the BS. This bidirectional communication is the
cornerstone of GSM functionality, ensuring seamless connectivity within the
cellular network.

Transceivers play a critical role in establishing communication links between
UE and BS. In modern radio systems, transceivers consist of three main building
blocks: the transmitter (TX), receiver (RX), and local oscillator (LO). The RX
receives signals transmitted by the BS, while the TX handles signal transmission
to the BS. The LO facilitates frequency conversion, upconverting baseband
signals to RF for transmission and downconverting RF signals to baseband
for processing. As illustrated in Fig. 1.2, transceiver architectures can employ
two duplexing schemes: frequency division duplexing (FDD) and time division
duplexing (TDD). In FDD, the TX and RX operate simultaneously on different
frequencies, with RX working on downlink and TX on uplink frequencies. In
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Figure 1.2: Two well-known transceiver architectures used in wireless communications: (a) FDD
and (b) TDD.

TDD, TX and RX operate alternately on the same frequency (uplink and
downlink have the same operating frequency). This thesis focuses on the design
of RXs for UE and BS applications.

1.2 RX Design for 5G Mobile Communication

Building on the foundational principles of GSM, the evolution of mobile
communication has now reached its fifth generation (5G). To meet the growing
consumer demand for higher data rates, 5G technology has been deployed across
low-band, mid-band, and high-band frequencies (see Fig. 1.3). While 5G radios
operating in high-frequency bands can achieve extremely high data rates, their
significant path loss limits their application to short-range communication. As a
result, low-band and mid-band frequencies gained more attention for long-range
communication and will be the focus of this thesis. The design of RXs for 5G
low-band and mid-band frequencies faces new challenges, which will be discussed
in the following subsections.
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Figure 1.3: 5G spectrum.

1.2.1 Enhancing Data Rate

In 1948, Claude Shannon introduced his theory to determine the channel
capacity (C'), which represents the maximum achievable data rate over a com-
munication channel. Shannon’s formula for channel capacity is expressed as:

C = BW -log, <1+S> : (1.1)
N

where BW is the channel bandwidth, and S/N represents the signal-to-noise
ratio (SNR). As evident from (1.1), one of the simplest ways to increase data
rate is by expanding channel bandwidth. For instance, compared to the 200
kHz channel bandwidth of GSM, 5G applications utilize 100 MHz channel
bandwidth. However, this improvement comes with its own challenges. In
the RX baseband domain, active low-pass filters are typically employed to
suppress out-of-band blockers, and their 3-dB bandwidth is directly determined
by the channel bandwidth. Consequently, increasing the channel bandwidth
complicates the amplifier’s design in the active low-pass filters, requiring more
advanced techniques to maintain their performance.

In 5G applications, high-order modulation schemes are also employed to
enhance data rates. As illustrated in Fig. 1.4, achieving the same bit error rate
(BER) with high-order modulation schemes requires a higher SNR. For instance,
to achieve a BER of = 1072, 16-QAM (Quadrature Amplitude Modulation)
demands approximately 6 dB higher SNR compared to QPSK (Quadrature
Phase Shift Keying). Utilizing higher channel bandwidths and more complex
modulation schemes directly affects the reference sensitivity (Pis,), which is
expressed as:

Py = —174 + 101log,g BW + NF + SN Ry, (1.2)

where SN R,,,;, is the minimum required SNR for a given modulation scheme,
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Figure 1.4: BER versus SNR for different modulation schemes.
NR operating | Uplink operating | Downlink operating | Duplex
band band band mode
n1 1920 - 1980 MHz 2110 -2170 MHz FDD
n2 1850 — 1910 MHz 1930 - 1970 MHz FDD
n3 1710 - 1785 MHz 1805 - 1880 MHz FDD
nd 824 — 849 MHz 869 — 894 MHz FDD
n7 2500 — 2570 MHz 2620 — 2690 MHz FDD
n34 2010 — 2025 MHz 2010 — 2025 MHz TDD
n38 2570 — 2620 MHz 2570 — 2620 MHz TDD
n39 1880 — 1920 MHz 1880 — 1920 MHz TDD
n50 1432 — 1517 MHz 1432 - 1517 MHz TDD

Figure 1.5: Some examples of new radio operating bands.

and NF is the RX noise figure. From Equation (1.2), it is evident that increasing
channel bandwidth and adopting higher-order modulation schemes will degrade
Ps.,. To overcome this, lowering NF is crucial to improve SNR, enabling the
adoption of higher-order modulation schemes to enhance spectral efficiency.
Furthermore, as mentioned earlier, low-band and mid-band frequencies are
preferable for long-range communication, and achieving sub-3dB NF performance
extends the communication range in these bands.
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Figure 1.6: Conventional RX architecture with band-select filters to choose different frequency
bands.

1.2.2 Demand for Wideband RXs

Several new radio operating bands have been introduced for the low-band
and mid-band frequencies of 5G applications. Examples of new radio bands,
along with their downlink frequencies, uplink frequencies, and duplexing modes,
are provided in Fig. 1.5 [1,2]. As illustrated in Fig. 1.6, conventional RX
architectures rely on multiple band-select filters to isolate the desired receive
band and attenuate out-of-band blockers. Surface acoustic wave (SAW) filters
are commonly employed for this purpose. However, SAW filters have draw-
backs—they are bulky and costly, increasing the overall size and expense of
cellular devices [3]. Additionally, SAW filters typically introduce a 2-3 dB loss
in the receive chain, degrading NF and, consequently, reducing network coverage.
Furthermore, an RF switch is also used to select the desired RX path, further
contributing to signal loss. Eliminating the RF switch and SAW filters is highly
desirable to enable wideband RX designs that are more cost-effective, compact,
and CMOS-compatible. However, removing band-select filters presents its own
challenges, as it makes wideband RXs more susceptible to out-of-band blockers.
For instance, in GSM applications, the RX must handle out-of-band blockers
as strong as 0dBm, a requirement that can be difficult to achieve in CMOS
technology with limited supply voltage. Therefore, a blocker-tolerant RX is
crucial for 5G applications.
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1.2.3 Blocking Scenarios in 5G Applications

As discussed earlier, a wideband receiver (RX) is essential to cover the sub-7
GHz spectrum required for 5G applications. Additionally, the RX must support
high bandwidth to enable enhanced data rates. These two critical requirements
impose stringent linearity demands on the RX design.

Although the 5G channel bandwidth has increased compared to previous
standards, the offset frequency of close-in blockers has remained constant due to
the congested spectrum at low-band and mid-band frequencies. For instance, in
5G user equipment applications, the maximum channel bandwidth has expanded
from 20 MHz of 4G applications to 100 MHz. However, the close-in blocker offset
frequency remains at 85 MHz. The situation is even more challenging in 5G base
station applications, where the channel bandwidth can reach up to 200 MHz or
even 400 MHz, while the close-in blocker offset frequency is just 20 MHz. Hence,
wideband RXs should provide sufficiently high selectivity to suppress close-in
blockers and prevent RX desensitization.

In base station co-location applications, strong blockers from other standards,
such as GSM, necessitate high out-of-band linearity in the receiver (RX) design.
The blocker power in such scenarios is influenced by the size and type of the
base station. For instance, in medium-range base station applications, the RX
must handle continuous wave (CW) out-of-band blockers with power levels as
high as 8dBm. In contrast, for local area base stations, the blocker power is
typically -4dBm. Finally, 5G base station RXs must contend with in-band
modulated blockers. In local area base station receivers, the in-band blocker
power can reach -35dBm, requiring an in-band third-order intercept point (IIP3)
of at least -10.5dBm. Achieving such a high IIP3 is particularly challenging for
RXs designed for high-bandwidth applications.

1.3 N-path Filters

As mentioned earlier, several new radios are defined for the low-band and
mid-band frequencies of 5G applications. Typically, SAW filters are utilized
to select the desired frequency band and suppress close-in and far-out blockers
in 5G systems. However, this approach comes with trade-offs, including NF
degradation, increased cost, and a larger form factor. To address these challenges,
achieving on-chip selectivity has become a priority. In recent years, N-path
filters have gained more attention as a solution for providing on-chip selectivity
for 5G applications.
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Figure 1.7: A typical implementation of N-path filter.
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Figure 1.8: Replacing Zgp with baseband capacitors and its equivalent model.

Although the introduction of N-path filters dates back to the 1940s and
1950s [4-7], they have recently attracted interest due to improvements in CMOS
technology, which enable the realization of better switches [8-18]. Fig. 1.7 shows
a typical N-path filter, comprising M switches and M baseband impedance
(Zpp(w)), connected to the antenna with an equivalent impedance of Rg. The
switches have on-resistance equal to Roy. Instead of M resistors, the on-
resistance of the switches can be modeled by a single resistor in the RF domain,
as shown in Fig. 1.7. Due to the transparency of the passive mixers, the
baseband impedance upconverts to the RF domain, and the input impedance of
the N-path filter can be approximated by [13]

1 1
Z[N(w) = MSiHC2 (M) ZBB (w — wLo) , (13)
where wrp is the LO frequency. In other words, the low pass filter in the
baseband domain is upconverted to the RF domain and appears as a bandpass
filter in the RF domain. The center frequency of this bandpass filter is tunable
with the LO frequency.

The easiest way to implement Zpp is by using M capacitors (Cpp), as shown
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Figure 1.9: NF degradation due to the mixing between the LO phase noise and out-of-band blocker.

in Fig. 1.8. Ideally, the input impedance of the N-path filter becomes open
around the operating frequency, and the input voltage of the N-path filter
(Vin) equals the source voltage (Vg). However, in practice, Viy is a staircase
approximation of Vg, introducing loss to the system. As depicted in Fig. 1.8,
this loss can be modeled with a shunt resistor (Rgy) [19] in parallel with the
ideal impedance of N-path filters. Rgy can be approximated by

2(1
sinc (M)

1 — sinc? (ﬁ)

(Ron + Rs) . (1.4)

Rsg =

Increasing M reduces (1 —sinc? (1/M )) to 0 and results in higher Rgy. In
other words, increasing M makes a better approximation of the input signal
and reduces the loss of the system.

Although N-path filters offer high-Q and tunable band-pass filtering in the
RF domain, several challenges remain to be solved before they can effectively
replace SAW filters. First, the filtering order of conventional N-path filters is
limited to first-order, making them vulnerable to close-in blockers, especially in
high-bandwidth applications. Additionally, the out-of-band rejection of N-path
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Figure 1.10: SNR degradation due to the reciprocal mixing of LO phase noise and out-of-band
blockers.

filters is constrained by the on-resistance of the switches. Hence, large switches
are needed to achieve decent out-of-band rejection in the RF domain, demanding
high power consumption of the LO circuitry to drive them. Another issue is
the parasitic capacitors of the switches, which shift the center frequency of
the N-path filters toward the lower side of the LO frequency. These parasitic
effects, along with charge injection from the switches, also result in asymmetric
performance around the LO frequency. Finally, the phase noise of LO mixes
with the out-of-band blockers and appears in the baseband domain. Due to
the transparency of passive mixers, the down-converted phase noise of LO
upconverts to the RF domain and appears at the input voltage of N-path filters.
Hence, reciprocal mixing degrades the RX noise performance in the presence of
out-of-band blockers, which will be discussed in the next Subsection.

1.3.1 Phase Noise Requirements of N-path Filters

As illustrated in Fig. 1.9, out-of-band blockers mix with LO phase noise,
resulting in in-band noise that degrades the sensitivity of the RX. As mentioned
earlier, in traditional RX designs, SAW filters are used to suppress out-of-band
blockers, thereby mitigating the LO phase noise requirements. However, modern
RXs aim to replace SAW filters with N-path filters. Consequently, it is crucial
to analyze the LO phase noise requirements under different blocking scenarios
of 5G applications.

In 5G blocking scenarios, the power of the desired signal is at least 6 dB
higher than the reference sensitivity (the base station applications have the
minimum increase). This means, to some extent, SNR degradation is acceptable.
Hence, as shown in Fig. 1.10, the power of reciprocal mixing can be in the level
of thermal noise, leading to an additional 3 dB noise figure penalty. In user
equipment applications and base station applications, the maximum blocker
power is -15dBm. Assuming that the RX NF is 3dB, the required LO phase
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noise can be calculated as follows:
PNQfro = —174dBm/HZ—|—NF—PBlk = —156dBC/HZ. (15)

In typical modern RXs, a divide-by-two block is used to generate the nonover-
lapping LO phases. The divide-by-two block improves the LO phase noise by
6 dB. Hence, the oscillator phase noise at 2 f7o should be -150 dBc/Hz, a value
achievable with state-of-the-art oscillators [20]. It is important to note that the
required phase noise corresponds to a high offset frequency from 2f;o. The LO
buffers driving the passive mixers and the divider itself should have reasonably
lower phase noise, a typical implementation is proposed in [21].

In 5G co-location base station applications, the power of out-of-band blockers
is -4 dBm for local-area applications and +8 dBm for medium-range applications.
Consequently, the required oscillator phase noise at 2fro is -161 dBc/Hz and
-173dBc/Hz for local-area and medium-range applications, respectively. While
-161dBc/Hz is considered achievable in CMOS technology [20], achieving -
173 dBc/Hz for medium-range base stations is highly challenging.

1.4 Current Mode RXs

Several attempts have been made to implement tunable band-select filters
using N-path filters and enhance their selectivity [22-27]. For instance, to achieve
sharp filtering and high out-of-band linearity, the authors in [22] proposed a
band-select filter based on implementing transmission zeros in a passive network.
While the transmission zeros can be tuned, the operating frequency is limited
to only 0.8-1.1 GHz. Alternatively, the approach in [23] introduced an active
N-path filter to realize a wideband third-order band-select filter. However,
the operating frequency is still limited to 0.1-1.1 GHz. All of these designs
degrade the RX line-up NF by at least 2.8 dB. Hence, a wideband RX without
a band-select filter is desirable for 5G applications to avoid NF degradation.

Typically, modern RXs adopt a current-mode architecture to achieve wide-
band operation and blocker tolerance. In these RXs, as illustrated in Fig. 1.11,
the RF input voltage is first converted to an RF current by either a low-noise
transconductance amplifier (LNTA) or an implicit or explicit 50 {2 matching in
mixer-first RXs. Passive mixers then down-convert the RF current, and finally,
a transimpedance amplifier (TTA) converts the down-converted current to a
baseband voltage. In this way, the virtual ground of the TIA reduces the voltage
gain in the RF domain, and the voltage gain is carried out in the baseband
domain to achieve decent linearity performance. Moreover, the TIA provides
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Figure 1.11: Conventional current-mode RX architecture.

baseband domain filtering, suppressing the close-in and far-out blockers. Hence,
current-mode RXs are appealing candidates for the 5G user equipment and
base station applications. Despite their advantages, current-mode RXs (both
LNTA-based and mixer-first architectures) still face challenges in meeting the
stringent requirements of 5G applications. The following subsections will discuss
the shortcomings of mixer-first and LNTA-based RXs for 5G user equipment
and base station applications.

1.4.1 Mixer-First RXs

Fig. 1.12 (a) shows the conventional mixer-first RX architecture, in which
the input matching is achieved by the transparency of passive mixers [19,28,29].
Since the LNTA is removed in mixer-first RXs, they usually achieve decent
out-of-band linearity, making them a suitable candidate for 5G user equipment
applications. However, removing LNTA requires large switches to achieve decent
NF and out-of-band linearity performance. Consequently, they suffer from high
LO leakage to the antenna, and their operating frequency is also limited to
below 5 GHz [19, 28,30-49].

Moreover, since TIA provides input-matching, its input impedance is always
higher than 0. Hence, a voltage swing will appear at the TIA input, degrading
the in-band linearity of mixer-first RXs. To solve this issue, as shown in Fig.
1.12 (b), an input-matching resistor can be added in series with the passive
mixers and TIAs to minimize the voltage swing at the TIA input [50]. However,
adding the series resistor drastically degrades the NF performance. To cancel
the noise of the matching resistor, a noise-canceling path can be added in
parallel with the mixer-first RX [21] (see Fig. 1.12(c)). To relax the LNTA
linearity requirement, the noise canceling structure can also be implemented in
the baseband domain as depicted in Fig. 1.12(d) [51,52]. However, this comes
at the cost of higher power consumption since the number of TTAs is doubled,
which can be a severe issue in high bandwidth applications.
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Figure 1.12: (a) Conventional mixer-first RXs block diagram; (b) Adding a matching resistor to
improve the in-band linearity performance of mixer-first RXs; Canceling the noise of matching
resistor in (¢) RF and (d) baseband domain.

As mentioned earlier, the RX should provide sharp filtering to suppress
close-in blockers of 5G applications. However, most prior art mixer-first RXs
[19,28,30-35,37,51-53| only offer first-order filtering, making them prone to
close-in blockers. Several attempts have been made to improve the selectivity of
the mixer-first RXs [54-63|. For example, [54] and [59] introduced a positive
feedback technique to achieve a second-order filtering response, and [58,60,61]
proposed a third-order TIA to improve further the selectivity of the mixer-
first RXs. Although [54] achieves decent NF and linearity, its gain is low,
requiring an analog-to-digital converter (ADC) with high dynamic range. To
relax the ADC requirements, its gain needs to be increased, but in this case, its
reported selectivity may not be enough to suppress the close-in blockers of the

5G applications. Moreover, [56,58-61] could not simultaneously achieve sharp
filtering and sub-3dB NF.
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Figure 1.13: (a) Conventional LNTA-based RX architecture; (b) Adding a translational feedback
network to achieve input-matching in LNTA-based architectures; (c¢) An N-path filter is placed at
the RX input to achieve RF filtering; (d) Utilizing N-path notch filter in the feedback of LNTA to
achieve RF filtering.

1.4.2 LNTA-Based RXs

Alternatively, as shown in Fig. 1.13 (a), a low-noise transconductance am-
plifier (LNTA) can be placed before the passive mixers to achieve a lower NF
in wideband RXs. In conventional LNTA-based RXs, the feedback resistor of
LNTA, Rp, provides input matching [64]. To achieve decent in-band linearity,
the TTIA must have virtual ground, reducing the LNTA voltage gain. Hence,
the value of Rp should be reduced to achieve input matching, which degrades
NF. To solve this issue, as illustrated in Fig. 1.13 (b), [65-67], a translational
feedback network is utilized for input matching purposes. The output voltage
of TIA is upconverted to RF using passive mixers and applied to the RX input
via a matching resistor and capacitor (R, and C,). Since the voltage gain of
RX is high, a large value can be chosen for R,,, which has a negligible effect on
NF performance. Since the band-pass filter is removed from the receiver line-up,
the out-of-band blockers appear at the LNTA input without any attenuation,
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Figure 1.14: The simulated input impedance (a) and LNTA gain (b) of the conventional LNTA-based
RXs.

thus significantly degrading the RX linearity. Moreover, the RX selectivity
reduces its gain at out-of-band frequency, leading to a smaller Miller effect of
R);. Hence, the RX input impedance increases at out-of-band frequencies. The
out-of-band blockers create higher voltage swings at the RX input, exacerbating
the out-of-band linearity issue in the LNTA-based RXs. The RF filtering at
the RX input is appealing for LNTA-based RXs to improve their out-of-band
linearity performance.

Different flavors of N-path filters can be used to enhance the selectivity and
linearity of the LNTA-based RXs. As depicted in Fig. 1.13(c), in [68] and [69],
an N-path filter is placed at the LNTA input to filter out the out-of-band
blockers before entering the RX. However, as shown in Fig. 1.14(a), since
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the RX input impedance at out-of-band offset frequencies is limited to the
switches” on-resistance (Roy), large switches must be used to provide enough
filtering for the large blockers, thus increasing the LO buffers’ dynamic power
consumption and the LO leakage to the RX input port. Moreover, the large
parasitic capacitance of the N-path filter switches at the RX input reduces the
RX maximum operating frequency and bandwidth.

In order to alleviate those issues, as shown in Fig. 1.13 (d), [70-84] placed
an N-path notch filter in the LNTA’s feedback to reduce the switches’ sizes by
benefiting from the Miller effect. Around the operating frequency, the N-path
notch filter exploits high impedance, and the LNTA converts the input voltage to
an RF current. Then, as the offset frequency deviates from the passband edges
toward the out-of-band frequencies, the N-path notch filter impedance drops
with a -20 dB/dec slope to reach its final value, i.e., Roy. Hence, at far-out
offset frequencies, a feed-forward current flows from the input of the LNTA
to its output through the N-path notch filter; and as shown in Fig. 1.14 (b),
if G,,Ron = 1 (G, is the LNTA’s transconductance), a null appears in the
transfer function of the LNTA voltage gain (Grnra) [81,85]. Moreover, the
Miller effect of the N-path notch filter is seen at the RX input, and thus, RF
filtering is also achieved at the RX input transfer function (Gjy), improving the
RX out-of-band linearity performance. Interestingly, the RX input impedance
is inversely proportional to GG, at out-of-band offset frequencies, and increasing
G, improves the out-of-band linearity and NF simultaneously (see Fig. 1.14 (a)).
However, as can be inferred from Fig. 1.14, due to the first-order filtering of the
N-path notch filter, G;n and Gy7a reach their minimum values at very large
offset frequencies. The amount of attenuation at low offset frequencies is limited
at both LNTA input and output, making the RX prone to the close-in blockers
of 5G applications. A straightforward solution for this issue is significantly
increasing the order of the N-path notch filter to achieve the required filtering.
However, this comes at the cost of much higher power consumption and circuit
complexity [60]. Another way to improve the linearity performance of the
LNTA-based RX is by adopting a quantized RF front-end [86,87]. However, this
technique requires performing complex calibration to improve the out-of-band
linearity, and the operating frequency is limited due to the parasitic capacitors
of the multiple low-noise amplifiers (LNAs) at the RX input. Hence, despite all
the mentioned benefits of prior art structures, additional techniques are required
to efficiently handle the close-in blockers and avoid RX desensitization.
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1.5 Thesis Objectives

This thesis proposes LNTA-based RXs suitable for low-band and mid-band
frequencies of 5G user equipment and base station applications.

The proposed RXs support RF bandwidth exceeding 100 MHz to enhance the
data rates. Hence, this thesis investigates techniques to enhance the bandwidth
of the TTA and N-path notch filter without compromising their performance.
These techniques introduce complex conjugate poles, enabling the LNTA-based
RXs to maintain a flat in-band gain response. Since the proposed RXs have
high bandwidth, they are susceptible to close-in blockers of 5G applications.
To address this, this thesis proposes RXs with high selectivity in the RF and
baseband domains to suppress close-in blockers and prevent voltage clipping in
the baseband domain.

In base station applications, the blocking scenarios are tougher than those
in the user equipment applications. Firstly, in co-location applications, strong
CW out-of-band blockers exist, which should be handled by the RX. Hence,
this thesis investigates N-path filters with high out-of-band rejection for the 5G
co-location applications. Additionally, base station applications also face large
in-band blockers, demanding a robust TIA with high loop gain. This thesis
determines a TIA with a higher loop gain to handle in-band blockers of base
station applications.

The proposed RXs should cover the sub-7 GHz bands of 5G applications.
Hence, this thesis explores a technique to minimize the parasitic capacitors at
the LNTA input and output without sacrificing NF and linearity performance.
Achieving a sub-3dB NF is critical to maximizing the link budget. Hence,
linearity enhancement techniques that are proposed for co-location applications
should not compromise NF.

Since the proposed RXs are designed for 5G user equipment and base station
applications, their design is guided by the stringent requirements for 5G reference
sensitivity and blocking scenarios. This thesis evaluates the proposed RXs
against the reference sensitivity and blocking requirement of the 5G standard.

1.6 Thesis Outline

This dissertation is organized as follows:

In Chapter 2, a wideband blocker-tolerant RX is presented for 5G user
equipment applications. Two programmable zeros close to the channel passband
are introduced to sufficiently suppress close-in blockers of 5G-user equipment
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applications. As the effect of these zeros diminishes at higher out-of-band offset
frequencies, an auxiliary current sinking path is added to reduce the RX input
impedance at those frequencies. Additionally, a simple second-order TTA is
employed to enhance RX selectivity. The proposed TIA synthesizes two complex
conjugate poles to achieve a flat gain response and a -40 dB/dec roll-off. Finally,
extensive measurement results are provided in this chapter to validate the
performance of the proposed RX. These measurements demonstrate the RX’s
ability to meet the stringent requirements of 5G user equipment applications,
in terms of sensitivity, selectivity, and blocking performance.

Chapter 3 presents a wideband highly linear RX capable of handling blocking
scenarios in H5G-microcell base station applications by introducing three different
techniques. First, a parallel preselect filter is introduced to satisfy the base
station co-location blocking requirements. Next, a combination of third-order
RF and baseband filters is adopted to attenuate close-in blockers by a -120
dB/dec roll-off. Finally, a translational feedback network is proposed to reduce
the in-band gain ripple to below 0.5 dB and provide better than -19 dB input
matching. The chapter concludes with detailed measurement results, which
highlight the RX’s out-of-band linearity and selectivity, proofing the RX’s ability
to handle the demanding requirements of 5G microcell base stations.

In Chapter 4, a sub-7 GHz RX for 5G-local-area base station applications is
introduced. A Rauch TTA is used to enhance RX selectivity and provide higher
loop gain around the bandwidth edge, thus improving in-band linearity for high-
bandwidth applications. A third-order impedance in the TIA’s feedback further
improves RX selectivity. Additionally, an N-path notch filter with a shared
switch architecture is incorporated to enhance out-of-band linearity without
limiting the RX’s operating frequency. A positive feedback technique is also
employed to extend the RF bandwidth without degrading out-of-band rejection.
The chapter ends with a discussion of the RX’s performance, highlighting RX’s
ability to achieve both high in-band and out-of-band linearity, crucial features
for 5G local area base station applications.

Chapter 5 concludes this dissertation by summarizing the outcomes of this
research and also provides suggestions for future works.



CHAPTER

A Highly Selective Receiver With Programmable
Zeros and Second-Order TIA

2.1 Introduction

As mentioned earlier, the introduction of 5G applications has imposed several
challenges on the RX design for user equipment applications. The RX’s maxi-
mum RF bandwidth (BWgp) is expanded from 20 MHz to 100 MHz, increasing
the design complexity of the baseband amplifiers. Moreover, despite increasing
the BWgp, the offset frequency (fos) of the close-in out-of-band blocker from
the passband edge remains the same (i.e., at 85 MHz) due to the congested
sub-6 GHz spectrum. Such a small fos/BWgp (i.e., 0.85) requires sharp filtering
to handle the -15dBm continuous wave (CW) out-of-band blocker of the 5G
user equipment application.

Although mixer-first RXs are popular for their simplicity and out-of-band
linearity performance, they often suffer from achieving decent NF and high
selectivity at the same time. Hence, an LNTA structure can be adopted with
an N-path notch filter in its feedback to achieve a decent NF and out-of-band

This chapter is written based on ISSCC 2021 [88] and JSSC2024 [89] papers.
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Ideal
Rs; Matching

Figure 2.1: Conventional LNTA-based RX architecture with the equivalent model of the N-path
notch filter in its feedback. Note that for simplicity, in these conceptual diagrams, an explicit shunt
resistor, R,,, is used for the input matching.

linearity performance, as shown in Fig. 2.1. The N-path notch filter can be
modeled with a parallel tank (Lp and Cp). This has a high impedance around
the operating frequency, which reduces with -20 dB/dec slope till it reaches Roy.
Due to the feedforward current (see iy in Fig. 2.1), a null appears in the LNTA
transfer function at far-out offset frequencies, as illustrated in Fig. 2.2 (a). Since
this null is located at far-out offset frequencies, this structure is still sensitive to
the close-in blockers of 5G user equipment applications.

To improve those limitations, in this Chapter, two programmable zeros and
an auxiliary current-sinking path in the LNTA feedback are introduced to
suppress close-in and far-out blockers, respectively. Furthermore, a second-order
transimpedance amplifier (TTA) with complex-conjugate poles is also adopted to
improve out-of-band linearity further and achieve a flat in-band gain response.
This Chapter is organized as follows: Sections 2.2 and 2.3 describe the evolution
and implementation of the RX RF front-end and second-order TIA, respectively.
Section 2.4 presents the RX circuit implementation. Section 2.5 elaborates on
the RX noise analysis. The measurement results are shown in Section 2.6, and
Section 2.7 concludes this Chapter.

2.2 Evolution of the Programmable Zeros

Although conventional LNTA-based RXs have nulls in G y74 at far-out offset
frequencies, they do not provide enough attenuation for the close-in blockers.
Note that these nulls appear at offset frequencies where the impedance of the
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Figure 2.2: Comparison between the simulated (a) Grnra and (b) Gy of the conventional LNTA-
based architecture and the proposed RX. Note that LNTA, mixers, and TIAs are implemented
using ideal elements, and the notch filters are realized by RLC components with Roy = 7.7 €.

notch filter approaches zero. Consequently, if one shifts the short impedance of
the notch filter toward the frequencies of the close-in blockers, Gy and Gpn74
will reach their minimum possible values at those frequencies, thus suppressing
the close-in blockers sufficiently before entering the RX and baseband amplifiers.
Hence, as depicted in Fig. 2.3, by adding a series tank (Lg and Cg) to the
existing parallel tank (Lp and Cp), we introduce two zeros to the LNTA’s
feedback impedance. Note that the series and parallel tanks have the same
resonant frequency, i.e., fro = wro/(2m).

Due to the presence of the parallel tank, the proposed impedance shows high
impedance inside the desired band. Consequently, as depicted in Fig. 2.2, the
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Figure 2.3: The proposed impedance in the feedback of the LNTA. For simplicity, the same shunt
resistor is used for the input matching.

LNTA acts as a transconductance stage, and no significant difference between

the in-band responses of Gy and Gy74 of the conventional and proposed RXs

is observed. To calculate the zeros frequencies, the proposed LNTA feedback
impedance, Zp, is derived as follows:

7 S4CSLschp—|—82 (CsLS—l—Cpr—i—CSLp) +1 (2 1)
E= sCyg (SQCPLP + 1) . '

Hence, the zeros frequencies can be derived as:

1 4
20— f2 1+ -~w?,Cslp |1 14+ 2.2
fis fLOX( +2WL0 sLp(1F +W%OCSLP 3 (2.2)

and assuming that w?,CsLp < 1, (2.2) can be simplified as follows:

Ji2 = froV1 FwrovCsLp = fro\|17F gi (2.3)

Finally, considering Cs/Cp < 1, (2.3) can be recalculated as follows:

Jro

Ji2=froF 5 Cp

= fro F fa2, (2.4)

where the relative zeros frequencies from f7o are given by

fLo
faam o, % 25

Intuitively, for frequencies below fro, the parallel tank becomes inductive,
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and the series tank becomes capacitive; thus, their series combination creates a
zero at a frequency close to but lower than fro (f.1). Similarly, for frequencies
above fro, a zero (f.2) is realized since the parallel and series tanks become
capacitive and inductive, respectively. As can be gathered from the simulation
results in Fig. 2.2 (a), the locations of Gpy74 nulls in the proposed RX are
moved to the close vicinity of the operating band, thus greatly attenuating close-
in blockers at the LNTA’s output and avoiding RX desensitization. Moreover,
at close-in blocker offset frequencies, the proposed RX offers around 5 dB better
rejection at the RX input compared to the conventional RXs, as shown in Fig.
2.2 (b). Beyond the zeros frequencies, the performance of the proposed RF
front-end degrades; its solution will be discussed in Section 2.2.3.

2.2.1 Implementation of the Programmable Zeros

To achieve programmable zeros with wideband operation, the resonators must
be replaced with tunable filters. To do so, as shown in Fig. 2.4, the series tank is
firstly replaced with its counterpart, i.e., a parallel tank in series with a gyrator
consisting of a feedforward (g,,,) and a feedback (g,,;) transconductance [3].
Here, we decided to have the same component values for both resulting parallel
tanks to be convenient in the final implementation and achieve a symmetric
schematic for the proposed filter. Considering the gyrator’s impedance inversion
characteristics, we have

Imadmbd
Cs = madm Lp = ~ 9 2.6
S ImadmbLip CP W%O ( )
and o
Lg=—%Y_. (2.7)
Ima9mb

By substituting the equivalent value of Cg from (2.6) into (2.5), the zeros
frequencies in this implantation may be approximated by

1
z - mamb- 2.8
fa12 :F47TCP\/9 Gmb (2.8)

Interestingly, the zeros frequencies can be tuned by ¢,,,9my and Cp. Finally, to
obtain a programmable network, each parallel tank is easily replaced with an
N-path notch filter, as shown in Fig. 2.4. The unit capacitor of each N-path
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Figure 2.4: Evolution of implementing the proposed impedance using two N-path notch filters and
a gyrator.

notch filter, C'y, can be estimated by

2 . 1
ON = MSIHC2 (M) X CP, (29)

where M is the number of local oscillator (LO) phases in the N-path notch
filter [9].

2.2.2 RX Bandwidth and Input Impedance at Zeros Frequencies

Fig. 2.5 shows the RX preliminary schematic, where the proposed pro-
grammable filter is placed in the LNTA’s feedback. The RX input impedance
can be approximated by

1+ gmagmbZn (Zn + Zgr) " 1
9ma (ZN + ZRF) + GmZRF 9mb
where Zgzp is the load impedance of the LNTA seen from the RF port of

passive mixers, and Zy is the equivalent impedance of the identical N-path
notch filters, given by

ZiN (w) =~ : (2.10)

JwlLp
1-— w2LpCp.

Zn = Ron + (2.11)
In current-mode RXs, Zrp is designed to be low enough in order to sink the RF
current of the LNTA. Consequently, by considering Zy > Zzp and assuming
gr,mgme?V > 1, Zrn around the zeros frequencies can be approximated by

J
\/ gmagmb.

As can be gathered from (2.8) and (2.12), enhancing g,,gmp increases the zeros
frequencies, and at the same time, reduces the RX input impedance around the
implemented zeros.

As the next step, the RX 3-dB bandwidth is estimated using the input

ZIN (W R we12) = Ron + (2.12)
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Figure 2.5: Preliminary block diagram of the proposed RX, where the proposed programmable filter
is placed in the LNTA’s feedback.

transfer function of the RX,

ZIn

1
- X — 2.13
2 Z]N-i-%s ( )

Gy =

Assuming Zy > Zrp around the operating frequency, the 3-dB bandwidth can
be calculated by setting |Gn (fro + faap) |= |G (fro) |/V2:

2

f3dB = 16 '
2rCpRg X (1 + W)

Here, f3gp is BWgrp/2. Interestingly, increasing ¢,q9mp» enhances the 3-dB
bandwidth, and a larger Cp is required to keep the desired bandwidth constant.

(2.14)

2.2.3 Improving Far-Out Out-of-Band Linearity

Unfortunately, the proposed impedance becomes an open circuit at the far-
out out-of-band frequencies, and the RF filtering at the RX input diminishes
at those offset frequencies, as can be gathered from Fig. 2.2. Hence, far-out
blockers create a high voltage swing at the RX input, deteriorating the RX
linearity performance. To resolve this issue, as shown in Fig. 2.6 (a), an auxiliary
N-path notch filter is added from the antenna to the output port of the gyrator.
Its bandwidth is intentionally chosen 2x larger than that of the main notch
filter such that this extra path acts as an open circuit for the desired band and
the close-in blockers, thus keeping the RX response at those frequencies intact.
At far-out offset frequencies, all N-path notch filters exhibit low impedance, and
the auxiliary N-path notch filter shorts the input of the gyrator to its output.
Therefore, the gyrator’s impedance inversion operation vanishes, and the effect
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Figure 2.6: (a) Block diagram of the RX front-end. An auxiliary N-path filter is added to reduce
the RX input impedance at far-out frequencies; (b) The equivalent model of the proposed RX
architecture at far-out offset frequencies.

of zeros in Gy and Gy74 is diminished. At far-out frequencies, as shown in
Fig. 2.6 (b), the RX front-end is simplified to three transconductances (=G,
—Gma, and gn,p) with low-ohmic resistive shunt feedback, thus approximately
reducing the RX input resistance to 1/(Gp, + Gma — Gmp)-

2.2.4 Design Guide for the RX RF Front-End

In this subsection, we develop a design guide for estimating the components
of the RX RF front-end (i.e., G, gima, 9mp, and Cy) to satisfy the 5G user
equipment specifications, i.e., the desired bandwidth and required blocker input
1-dB compression point (B1dB). In this analysis, without loss of generality,
the loss of the N-path notch filters is neglected, and the input matching is
accomplished by a shunt resistor at the RX input (see Fig. 2.6).

The first step is to estimate the values of g4, gmp and Cy based on the 3-dB
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bandwidth and the location of the zeros set by the 3GPP standard. Here, we
define a parameter, Y, for relating the zeros frequencies to the 3-dB bandwidth,

fz12
X=F—
f3aB

(2.15)

Equivalently, (2.15) leads to fos= (x — 1) fsap. Note that y is always larger
than one since the frequencies of the zeros must lie outside the RX 3-dB
bandwidth. By assuming fro > X f34p, and substituting (2.15) into (2.8), the
3-dB bandwidth of the RX can be approximated as

vV gmagmb. (216)
47TXCP

The RX 3-dB bandwidth can be calculated using (2.16) and (2.14). Therefore,
by equating (2.14) and (2.16), we have

f3dB =

2(v2—1
vV 9madmb = (XR 7) . (217)
XAts

Choosing x fixes the value of \/gmagms, and accordingly, via (2.12), the RX
input impedance at zeros’ frequencies. Moreover, increasing the zeros’ frequency
offset from the passband edges (i.e., larger x) leads to larger g,qgmp, and thus,
higher power consumption in the gyrator.

Based on the 3GPP standard, the location of the close-in blocker is 85 MHz
from the 3-dB bandwidth edge, and BWgp is 100 MHz. However, in this work,
we target BWgrp = 200 MHz, resulting in x = 185/100 = 1.85. Despite that, we
choose y = 1.5 to place zeros closer to passband edges, thus reducing power
consumption. This results in \/gmegmp = 33.3mS, and Zry(w.12) = 30€.
Moreover, to guarantee the gyrator’s stability, one should set ¢,,, > 4 X gump,
leading to ¢, = 72mS and g, = 16mS.

On the other hand, by substituting \/gmaegms from (2.17) into (2.14), Cp can
be estimated by

2

2x 2\
2 faanRs x {141+ (535)

Accordingly, Cy is determined using (2.9) and (2.18). Considering f3;p =
100 MHz, C'p and C'y are approximated to be 17.7 pF, and 4.2 pF, respectively.
Since the auxiliary N-path notch filter should have more bandwidth than the

Cp = (2.18)
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main notch filter, the auxiliary path unit capacitor, C'yg, is chosen &~ 2x smaller
than Cy.

(a) 10 | | —With Auxiliary Path
—Without Auxiliary Path

—With Auxiliary Path
—Without Auxiliary Path

Figure 2.7: The circuit level simulation results of (a) Grn7a and (b) Gyn for the proposed structure
shown in Fig. 2.6, using the components’ values calculated in the design guide.

The design guide finishes with G, estimation. At far-out frequencies, the
LNTA’s input voltage can be calculated by

Vi
1 + (Gm + 9ma — gmb) Rs7

Viy = (2.19)

where V; p is the maximum blocker voltage, approximated by \/ 8R, x 10B1dB/10
In order to tolerate the blocker, the RX input voltage must be below the LNTA’s
input 1-dB compression voltage (Vp). Consequently,

VSR, x 1075"
VBik

G > —

—1 b — Gma- 2.20
= )+gb g ( )

Based on the 3GPP standard, the required B1dB is -15dBm; however, we
target 0 dBm B1dB at far-out offset frequencies. Considering a simulated Vg
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Figure 2.8: The simplified model of the RX front-end for the stability analysis.

of 0.14V, G,, should be larger than 16 mS to tolerate the aimed blocker power.

However, the calculated GG, based on the linearity spec does not satisfy the NF
requirement (see (2.42) in Section 2.5), and we choose G, = 130 mS to achieve
sub-3dB NF.

Fig. 2.7 illustrates the simulation results of the proposed structure in Cadence.

In this simulation, the calculated components’ values from the design guide
are used. The simulated BWgr is around 170 MHz, and the location of the
zeros is 70 MHz from the passband edges, indicating that the presented design
guide provides a sufficiently accurate initial estimation for the circuit parameters
of the proposed RX RF front-end. As can be gathered from the simulated
results in Fig. 2.2 and Fig. 2.7, although the depth of Gy nulls is almost
maintained, the amount of G714 rejection at the zero frequencies is reduced
in the active realization of the proposed feedback network compared to its
passive implementation. Due to the active implementation of the series inductor,
the feed-forward current does not flow from the LNTA input to its output,
thus lowering the nulls” depth. Consequently, the active implementation of the
feedback network brings programmability for the null locations and operating
RX frequency but at the cost of a lower G174 rejection at zeros’ frequencies.

2.2.5 Loop Stability of the RX RF Front-End

To ensure that the proposed feedback impedance does not sacrifice the RX
stability, this subsection investigates the loop gain (LG) of the RX front-end
at in-band and out-of-band frequencies by using the simplified model in Fig.
2.8, and breaking the loop at the LNTA’s input. Since the bandwidth of the
auxiliary path is higher than that of the main N-path notch filters, the LG at
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Figure 2.9: Simulated loop gain of the RX front-end for different VSWR, values.

in-band and close-in out-of-band frequencies can be approximated by

ZS % 9mb (ZN + ZS)
Zs+ZN 1+ gnagmpZn (Zn + Zs)’

LG[B = Gm (ZRF || RO) X (2.21)
where R, is the LNTA’s output resistance, and Zg is the antenna impedance
with an ideal value of 50). Since Z¢ <« Zy and Zrr < R, at in-band and
close-in out-of-band frequencies, (2.21) can be simplified to

Gm ZS ZRF

LG = X X ) 2.22
v 9ma ZN ZN ( )

Since both Zg and Zip are much smaller than Zy, LGp is much smaller
than 1 around the operating frequency, ensuring the stability of the RX front-end.
Interestingly, enhancing g,,, improves the stability and reduces the RX input
impedance around the implemented zeros but pushes zeros frequencies toward
higher out-of-band frequencies. However, at out-of-band frequencies, the value
of Zy reduces, increasing LG of the LNTA feedback network.

At far-out offset frequencies, the auxiliary N-path notch filter exhibits low
impedance and eradicates the gyrator effect on the receiver operation. Therefore,
the LG at far-out out-of-band frequencies can be estimated by

Zg
Zs+ Zpr + ZN + ZN auz

LGOOB = GmZRF X (223)
Since Zg > Zn + ZN aux + Zrr at far-out out-of-band frequencies, (2.23) can be
simplified to

LGoop = G, ZRrr. (2.24)
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Figure 2.10: Schematics of (a) the second-order TTA, (b) its common-mode feedback circuit, and (c)
the utilized TIA amplifier.

Hence, the combination of mixers’ on-resistance and TIAs’ input impedance
must stay low enough at far-out out-of-band frequencies to guarantee the RX
front-end stability:.

The loop stability of the proposed RF front-end is simulated in Cadence
using 'pstb’. Fig. 2.9 illustrates the simulated LG for three different voltage
standing wave ratios (VSWRs). To consider the worst case, the loop gain is
simulated when the angle of the reflection coefficient is zeros (# = 0), and hence,
the antenna impedance is 1002 and 1502 for VSWR=2 and 3, respectively.
For all the VSWRs, LG is below 0dB with enough margin, confirming the RX
front-end stability:.

2.3 Second-Order TIA

The conventional TIA [90], shown in Fig. 2.6, offers a first-order filtering
roll-off. However, since the RF front-end merely offers 11 dB rejection at the
RX input for close-in blockers, they may still create a large voltage swing at the
conventional TTA output, and desensitize the RX line-up, especially when a large
TIA feedback resistance (Rp) is required to reduce the noise figure contribution
of the subsequent stages. Consequently, a second-order TIA is desired to handle
the close-in blockers of 5G applications. Unlike the conventional TIA, the
second-order TTA also has complex conjugate poles and features a flat in-band
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gain response.

Here, as depicted in Fig. 2.10(a), we propose to remove Cp from the
conventional TTA feedback and replace it with a load capacitor (Cr) at the TIA
output to achieve second-order filtering. Rp remains in the feedback of the TTA

to convert down-converted current to a baseband voltage. The transfer function
of the TIA can be derived as:

VBB —Rp

. )
BB 2 Rp (CIN CrL Cin RF)
5 CIN CL Imt + s Imt + Imt + Imt Tot + 1

(2.25)

where Vpp and igp are the TIA’s output voltage and input current, respectively
(see Fig. 2.10 (a)). Moreover, g,,; and r, are the transconductance and output
resistance of the TTA amplifier. As can be inferred from (2.25), the transfer
function of the TIA is a second-order low-pass filter with a damping ratio (()
and natural frequency (w,) of

1 1 CIN( RF> CL)
== ]2 (14 + ==, 2.26
¢ 2/ gmi RF ( CrL Tot Cin ( )

gmt
CinRpCL’

Wy = (2.27)
Usually, ( is set to \/5/ 2 to achieve a Butterworth low-pass filter and reach
the maximum bandwidth. In this way, the 3-dB bandwidth of the TIA is w,,.
As illustrated in Fig. 2.11, adding C}, improves the filtering response of the
TIA to a second-order response. Moreover, two complex conjugate poles of the
second-order TIA enhance the 3-dB bandwidth, and a flat gain response is also
achieved.

It is instructive to investigate the trade-off between TIA’s 3-dB bandwidth
and power consumption. At first glance, as can be inferred from (2.27), the
most power-efficient way to increase the TTA’s 3-dB bandwidth by a factor of
is to reduce Cjy and C', by the same factor. However, one of the main roles of
the TIA input capacitor is absorbing the out-of-band blocker currents. Since
the location of the close-in blocker remains almost constant from the passband
edges for different channel bandwidths in 3GPP standard [2], by an aggressive
Crn reduction, the TIA amplifier has to absorb a significant portion of the
out-of-band blocker currents instead of Cy, thus degrading the RX out-of-band
linearity performance. In other words, the linearity performance of the RX is



2.3 SECOND-ORDER TIA 33

4 | L | LR L | T |
__ 6o -
c
o
=)
m 40
__m
i
>" o [Cin =218 pF.C = 1.45pF y
—Cp=28pF,C =0pF [ ]
104 10° 108 10’ 10® 10°
f (Hz)

Figure 2.11: Simulated TIA transfer function with/without Cf..

sacrificed for the sake of power consumption. To alleviate this issue, the value of
gmt should be increased accordingly to maintain the RX linearity performance.
Hence, to increase the 3-dB bandwidth of the TIA by the factor of 3, it is wise
to reduce Cry and Cf, by 52/ 3 and simultaneously increase the value of g,
and therefore, the TIA’s power consumption should be increased by 5%3.

2.3.1 TIA Performance over PVT Variations

Since the damping ratio and natural frequency of the second-order TIA are
related to the values of resistors, capacitors, and amplifier’s transconductance and
output resistance, this section investigates the sensitivity of the TIA frequency
response over process, voltage, and temperature (PVT) variations.

The TIA’s damping ratio is related to the ratio of Cry to CL (see (2.26))
and, consequently, remains almost constant with capacitor changes over PVT
variations. However, as shown in Fig. 2.12(a), the TIA’s 3-dB bandwidth is
inversely proportional to the absolute values of C7y and Cf, and changes by
~ F20% due to the expected +20% capacitor deviation over PVT variations.
On the other hand, as can be gathered from (2.25) and simulation results in Fig.
2.12 (b), the foreseen £20% Rp variations change the transimpedance gain and
3-dB bandwidth of the second-order TTA significantly (i.e., £20% and F10%
respectively), but its impacts on the damping ratio is negligible (i.e., =~ £1%).

Next, g, and r, fluctuations can also affect the TIA performance. Inter-
estingly, the intrinsic gain (g, X rot) of a single-stage inverter-based amplifier
used in this design is almost constant over PV'T variations, as can be gathered
from Monte Carlo simulations in Fig. 2.13 (maximum 0.5dB gain variation is
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Figure 2.12: The deviations of the frequency response of the second-order TTA against (a) +20%
variations of Cry and Cp, (b) £20% Rp variations, and (c) only g, and 7, changes over PVT
variations.

observed). Hence, we can model g,,; and r,; over PVT variations by

gmt = (1 + CY) 9mtTT, (228)
TotTT

er - 9 2.29

' (1+ ) ( )

where « is a process-dependent scaling factor; g+ and ropr are, respectively,



2.3 SECOND-ORDER TIA 35

(a) 100 ' ' ' TT,27°CV,,
@ o |[mmSS,85°C,095V,
: 1 [IFF.-40°C,1.05V,

FS,27°C,VDD
SF,21°C,V

Num. of Points
(3,1
o

SE—

0 ] ] ]
20 25 30 35
9yt (MS)
(b)100— . . . . T2 eV
2 | 1 [sssseco.9sv,
= - .
s | FF,-40°C,1.05V
% 50 FS,27°CV,
g ‘I_L SF,27°CV
=<
0 1 1 1 1

1 1.2 1.4 1.6 1.8 2 2.2
o (k€2)

(c)100 ' ' ' | ' TT27°CV,,
. | m m $5,85°C,0.95V,
| FF,-40°C,1.05V_

FS,27°C,VDD
SF.27°C\V,,
1 _|_ '] ']
29.6

297 298 299 30 301
(dB)

Num. of Points
S
I

0
29.3 29.4 29.5
9 ntfot

Figure 2.13: The fluctuation of (a) gme, (b) 7o, and (¢) gme X 7o over PVT variations using Monte
Carlo simulations.

the nominal values of the amplifier’s transconductance and output resistance
at the typical-typical process corner. By replacing (2.28) and (2.29) into (2.26)




36 A HIGHLY SELECTIVE RECEIVER WITH PROGRAMMABLE ZEROS AND SECOND-ORDER TIA

and assuming that Cyy > Cp, the damping ratio of the TIA can be rewritten

as
1 1 Cin < Rr « ( Rp ))
¢ 2V gmrrRr\ Cr TotTT 2 \TotTT (2.30)

Therefore, by choosing r 1 =~ Rp, the sensitivity of the damping ratio to
the g,¢ and ry variations is vastly reduced. However, as shown in Fig. 2.12 (c),
the 3-dB bandwidth of the TIA is still sensitive to g,,; variations.

Considering the presented analysis, the damping ratio of the second-order
TIA is almost insensitive to PVT variations. However, the 3-dB bandwidth and
RX gain are PVT-sensitive and require calibrations. In practice, g,,; value is
mainly determined based on noise requirement and can be stabilized over PVT
variations using constant-g,, techniques. Then, Rp is tuned to adjust the RX
gain. Finally, while maintaining C7y to Cf, ratio to keep the damping ratio
constant, Cry and Cf, values are adjusted to get the desired 3-dB bandwidth.

2.3.2 Stability Analysis of the TTIA’s Amplifier

As mentioned earlier, C is removed from the TIA amplifier feedback to
implement a second-order TIA. However, in conventional TIAs, Cr creates a
zero improving the stability of the TIA amplifier [90]. Hence, it is instructive to
analyze the effect of the adopted technique on the TIA amplifier stability. In
order to do so, the same method presented in [91] is utilized to calculate the
TIA amplifier’s LG. Since the feedback type of the TIA amplifier is voltage-to-
current, the Y matrix is employed to calculate the loading effect of the feedback

impedance, as shown in Fig. 2.14 (a). Consequently, the LG can be calculated
by

9mt (RF ” Tot)
(1 -+ SC]NRF) (1 + sC'p, (RF H 7“0,5)).

As illustrated in Fig. 2.14 (b) and can be gathered from (2.31), the LG of
the TTA amplifier has two poles. The dominant pole of LG is 1/(CiyRp), and
the non-dominant pole of LG is 1/(Cr, (Rr || rot)). The phase margin of the
TIA amplifier should be better than 45° to ensure its stability. Hence, the

non-dominant pole of LG should be larger than the unity-gain bandwidth (w,,)
of the TTA amplifier:

LG =

(2.31)

Cin < 9mt (RF || Tot)z_

wndzwu:C = R
L F

(2.32)
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Figure 2.14: (a) Feedback model with Y parameters for the second-order TIA; (b) Bode plot of the
TIA amplifier loop gain.

Consequently, to ensure the stability of the TIA’s amplifier, C';y must be chosen
much larger than Cf.

Figure 2.15 shows the simulated magnitude and phase response of the loop
gain of the TTA’s amplifier using ’stb’ analysis in Cadence. Since the TTA employs
a single-stage amplifier, the adopted method does not cause any stability issues,
and a phase margin of 69° is obtained. It is worth mentioning that in applications
with high in-band linearity requirements, a multi-stage amplifier is required,
and any internal pole of the multi-stage amplifier should be considerably higher
than w, to ensure the amplifier stability.

One may notice that the TTA can be stabilized even by choosing the dominant
pole to be 1/(Cr (RF || 7ot)) and wonder if this choice would result in a better
performance. However, in this case, the TIA output would be shorted to ground
at far-out out-of-band frequencies since C, must be much larger than Ciy to
ensure TTA’s stability. Consequently, the input impedance of the TIA increases
from 1/gmt + Rp/(gmirot) to Rp at those frequencies, degrading the RX out-
of-band linearity and sacrificing the stability of the RX front-end, as can be
gathered from (2.24) in Section 2.2.5.
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Figure 2.15: Simulated magnitude and phase response of the TTA’s loop gain.

2.3.3 Design Guide for the Second-order TIA

In this subsection, we develop a design guide for estimating the components
(i.e., Rp, Gmt, Tot, Crn, and Cp) of the second-order TTA based on the noise
requirement, 3-dB bandwidth, and stability of the TIA amplifier. First, the
R value is chosen based on the RX required gain. Then, the value of g, is
determined such that the TIAs” noise has a negligible effect on the NF. Based
on the simulated NF of the proposed RX versus g,,,; in Fig. 2.16 (a), a g, larger
than 17.5mS is needed to limit its NF penalty to ~ 0.1 dB. Later, in Section 2.5,
we will develop a closed-form equation for the RX NF so that the required g,
value can also be estimated analytically.

In the next step, as can be gathered from Fig. 2.16 (b), the channel length
(L) of the input transistors of the inverter-based amplifier is chosen 240 nm
to achieve a flicker noise corner of ~100kHz, much smaller than the RX 3-dB
bandwidth. By knowing ¢,,: and L;, the output resistance of the inverter-based
amplifier can be easily determined. Finally, by considering a simulated r,; of
1.5k, and assuming C7y > Cf due to stability issues, C;y and Cf, can be
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Figure 2.16: (a) Simulated RX NF versus ¢p,; (b) simulated flicker noise corner of the TIA amplifier
versus the channel length of its input transistors.

estimated using damping factor (2.26) and natural frequency (2.27) equations,

Ciny = m, (2.33)
_ )

Considering ¢ = \/5/2, w, = 27 X 100 MHz and Rp=1.6k(2, the calculated
values of Cry and Cp are 21.8pF and 1.45pF, respectively. All the circuit
parameters calculated in the design guide are then used to simulate the filter
transfer function. As shown in Fig. 2.11, the simulated 3-dB bandwidth and
filtering roll-off of the designed TIA are respectively 88 MHz and -38 dB/dec,
confirming the validity of the developed design guide.

2.3.4 TIA Selectivity and Area Trade-Off

Although the adopted second-order TIA has two complex conjugate poles
and offers better selectivity than conventional first-order TIA, it is instructive
to compare the total value of their required capacitors to realize the same 3-dB
bandwidth. The 3-dB bandwidth of the conventional TIA, illustrated in Fig.
2.6 (a), can be calculated by

1
f3dB = 1 R .
27 (CF,conRF + C'IN,con (gmt + 1_|_F))

(2.35)

ImtTot
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Omne can choose Crncony = 0 and set the 3-dB bandwidth by Cp.,Rr to
minimize the required capacitor. However, in this way, the TIA amplifier
should absorb all the out-of-band blocker current, increasing the TIA’s power
consumption. As a compromise between the power consumption and area, the

poles created by CFcony and Cry cony should contribute equally to the 3-dB
bandwidth. Hence,

1

47 fsap Rp’
gmtrot

AT f3ap (RE + Tot)

CF,com; - (236)

CIN,com) - (237)

Considering the same parameters used in the second-order TIA design,
Rp = 1.6k, fsqp = 100 MHz, g,y = 20mS, and g7t = 30, Cpeony and
CIN conv become 0.5 pF and 7.7 pF, respectively. As estimated in Section 2.3.3,
the total required capacitor of the adopted second-order TIA is 23.25 pF, thus
demanding 2.75x larger capacitance than the conventional TIA. However, since
the value of the TIA capacitors for the 5G channels with large bandwidths
is relatively small, they do not occupy a large chip area, and it is wise to
use second-order TIAs to achieve higher selectivity. For the 5G low channel
bandwidth, the location of the close-in blocker from pass band edges remains
constant, and even a more area-efficient first-order TIA can provide sufficient
blocker attenuation due to the higher ratio of the blocker offset frequency to the
channel bandwidth. Consequently, for future implementation of 5G RXs with
programmable channel bandwidths, switchable load (Cf) and feedback (Cp)
capacitors must be placed to achieve area efficiency and selectivity simultaneously.
In low (high) bandwidths, Cr (Cr) and Cp (CFr) banks would respectively be
turned on and off to realize first-order (second) filtering.

2.4 Circuit Implementation

Fig. 2.17 shows the entire RX block diagram in which eight-phase passive
mixers are used to down-convert the RF current of the LNTA. Then, the
second-order TIAs convert the down-converted RF current to baseband voltages.
Similar to [21] and as shown in Fig. 2.10 (b), a common-mode feedback (CMFB)
circuit sets the DC operating point of the TIAs’ outputs around mid-rail
voltage. Harmonic rejection (HR) is implemented by combining the weighted
TIAS’ outputs to generate in-phase (I) and quadrature (Q) baseband signals.
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Figure 2.17: The block diagram of the proposed RX.

Therefore, the third and fifth harmonic of the LO will be rejected, improving the
NF and linearity of the RX. The 50 2 matching is implemented by up-converting
baseband voltages at TIAs’ outputs, combining the up-converted signals through
the matching resistors (Rasqtcn), and applying the resulting signal back to the
RX input [65-67]. In this way, thanks to the RX voltage gain, the matching
resistors become significantly large and negligibly contribute to the RX NF.
Since the voltage gain from the antenna to the TIA output has a positive sign, a
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Figure 2.18: Schematics of the implemented level shifter for biasing the LOs.

-1 multiplication is required in the translational network to guarantee negative
feedback. The -1 multiplication is easily implemented by applying out-of-phase
LO clocks to the associated down-converting and up-converting passive mixers
of each TTA.

NMOS transistors are used to implement the passive mixers. The drains
of those devices are biased at Voy ~ Vpp/2, since they are connected to the
input and output of the LNTA. Hence, as shown in Fig. 2.18, level shifters are
used to shift the LO levels from 0- Vpp to Ven- Vop + Veum. Ve is generated
inside the chip using an inverter with shorted input and output. Unlike the
RX implemented in our previous work [88], the bulks of NMOS transistors are
biased to Vyr in the respin prototype to improve the RX linearity performance.
As shown in 2.19 (a), the LNTA is implemented using inverter-based amplifiers
with shunt-resistive feedback to bias the transistors in saturation. Despite the
simplicity of the inverter-based LNTA, G,,, the power consumption, and the
input-referred noise voltage of the LNTA are sensitive to the PVT variations.
In a future implementation, a constant-g,, biasing technique can be adopted to
resolve this issue.

In the gyrator-based implementation of an active inductor, an undesired
equivalent series resistance exists, which is inversely related to the voltage
gain of the feedforward transconductance (g,,,) [4]. Hence, the feedforward
transconductance is implemented with a cascode inverter-based amplifier to
reduce the undesired series resistance of the gyrator. However, in the first
implementation of the proposed RX [88], a common gate amplifier was used
to implement the feedback transconductance (g,,;). The input impedance of
the feedback transconductance can be approximated by 1/¢,5, which loads the
feedforward transconductance, reducing its gain. Thus, the series resistance
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Figure 2.20: Simplified model of the proposed RX for NF calculation.

increases, degrading the selectivity of the proposed RX. To solve this issue,
in the respin prototype, two series amplifiers are adopted to implement the
feedback transconductance, as illustrated in Fig. 2.19(c). For measurement
purposes, different components of the TIA (the amplifier, Cr, and C;y) and
gyrator (gm,, and g,,;) are tunable and can be programmed through a serial
peripheral interface (SPI).

Since this design employs a supply voltage higher than the 40-nm nominal
voltage (i.e., 1.3V rather than 1.1V), time-dependent dielectric breakdown
(TDDB) and hot carrier injection (HCI) [92,93], as two main failure mechanisms
in CMOS circuits, are considered here to investigate the RX reliability. The HCI
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degradation occurs when the drain current and drain-source voltage (Vpgs) of a
transistor are large simultaneously. The maximum Vpg of all transistors in the
LNTA and TIAs” amplifiers is 0.5Vpp =0.65V, which is much less the standard
voltage of thin-oxide transistors. Moreover, the transistors in the LO buffers do
not conduct any current when their Vpg is 1.3 V. Consequently, the proposed
RX is not vulnerable to HCI. On the other hand, the thickness of gate-oxide for
40-nm transistors is ~2.5nm, and based on analysis in [93] [94] and the reliability
rules of the process design kit, they can withstand a maximum gate-drain and
gate-source voltage of 1.6 V without facing a gate-oxide breakdown in 10 years.

2.5 Noise Analysis

Fig. 2.20 shows the simplified noise model of the proposed RX, in which the
gyrator noise is modeled with two current sources at its input and output, i.e.,
ii’gmb = 4kT g and i%gma = 4kTYgpma, where v is the average thermal noise
excess factor of NMOS and PMOS transistors used in gyrators feedforward and
feedback transconductors. By taking the same procedure presented in [19,21,95],

the noise factor of the proposed RX can be approximated by

g R Ry
F={1
( i GmRs * RBias * RMatch

Rs\? 1
ZN gmaRS gmeN

+1 ><<R0>2>< B <1+ ! >
A2 \Zy gmp s 92475
Rsw M x Rg ) 1
+— X + X
A? < Rg Rp ) sinc? (ﬁ)
L pia (Rot Rew , Ryt Rsw+Zu)
A% 4kTRS pRF Zeq .

(2.38)

Here, Rgy is the on-resistance of the down-converting passive mixers, Rp;,s i8
the shunt bias resistor of the LNTA, A, is the voltage gain from the antenna
to the LNTA’s output (A, = G;R,/2), vy 4 is the input-referred noise voltage
of the TIA amplifier, and sinc?(1/M) accounts for the loss of passive mixers.
Moreover, p and Z,, are given by

1 1
p= Msinc2 (M) : (2.39)
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Figure 2.21: The simulated noise factor of the proposed RX realized with real devices versus the
LO frequency.

1
Loy = L —_— 2.40
=l (240
Ly, = (RO + RSW) . (2.41)

1—Mp
At the low in-band offset frequencies, the N-path notch filter exploits high
impedance (i.e., Zy > Rs, R,), and the gyrator noise does not degrade the noise
factor. Assuming that Rp and Rjysqc, are large enough, (2.38) at low in-band
offset frequencies can be simplified to
Y Rs 1 RSW
P-(1rgly +RBMS+A?X(RS
M x RS ))
Rp M X 4kTR5 sinc?

- (2.42)

Considering G,,, = 130mS, v =1, R, = 60, Rpjss = 400Q, M = 8§,
Rsw = 109}, Rp = 1.6k€), and g, = 20m.S, the theoretical noise factor is
1.41. As illustrated in Fig. 2.21, the simulated noise factor of the RX realized
with real devices is 1.66 at low LO frequency, which is 0.25 higher than the ideal
case, since the noise of gate and bulk resistors is not modeled in our analysis.
The parasitic capacitors at the input and output of the LNTA reduce A, at
high LO frequencies, increasing the noise contribution of passive mixers, TTA
feedback resistors, and TTA amplifiers, as predicted by (2.38) and confirmed by
the noise factor simulation results in Fig. 2.21. Consequently, the noise factor
degrades to 2.47 at 3 GHz LO frequency.
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(b) LO

Figure 2.22: (a) Die micrograph of the proposed RX; (b) Power consumption breakdown at 1.5 GHz
LO frequency.

2.6 Experimental Results

The proposed RX was fabricated in TSMC 40 nm bulk CMOS technology.
As shown in Fig. 2.22(a), the RX occupies 1 x 1.15mm? with a core area of
0.5mm?. The chip consumes 84-140 mW from a 1.3V supply voltage over the
0.5-3 GHz operating frequency. The power consumption breakdown at 1.5-GHz
LO frequency is also depicted in Fig. 2.22 (b).

Fig. 2.23 (a) and (b) show the RX gain and in-band Sj; versus the operating
frequency when the auxiliary path is enabled. The RX gain is 37.2dB at 0.5 GHz
LO frequency and decreases to 34.6dB at 3 GHz LO frequency. Due to the
higher parasitic capacitance of the N-path notch filters, the measured BWgp
is 160 MHz. The input matching of the proposed RX is better than -8 dB over
the 3dB bandwidth and for the entire operating frequency. Fig. 2.23 (¢) shows
the RX input impedance on Smith chart for 1.5-GHz LO frequency when the
auxiliary path is active. The input impedance is around 50 {2 across the 3-dB
bandwidth (highlighted in red). Then, the input impedance reaches ~ 10 at
far-out out-of-band offset frequencies.
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Figure 2.23: Measured (a) Ggrx, (b) in-band Si1, and (c¢) the Smith chart view of the measured S1;

at fro = 1.5GHz.
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Figure 2.24: Effect of the programmable zeros on (a) Si; and (b) Grx at fro = 1.5 GHz.

The effect of the zeros’ on the RX input impedance is investigated in Fig.
2.24 (a) by turning off the auxiliary path and sweeping the value of g,,; at fro =
1.5 GHz. As mentioned earlier and predicted by (2.8) and (2.12), enhancing g,
increases the zeros frequencies and reduces the input impedance of the proposed
RX at the location of the zeros. Hence, measured Si; approaches ~-5dB for the
highest g5, and the zero frequency is increased from fog ~10 MHz (y = 1.125)
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Figure 2.25: (a) Improving the RX selectivity by adjusting the value of C1, at fro = 1.5 GHz; (b)
enhancing the 3-dB bandwidth of the RX by increasing g,,: at fro = 1.5 GHz
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Figure 2.26: Harmonic rejection performance of the proposed RX

to fos =/100MHz (xy = 2.25) by moving from the lowest g, setting to the
highest one. Moreover, enabling the auxiliary path increases S1; to above -5dB
beyond the zero frequency, as it reduces the RX input impedance at far-out
offset frequencies.

The effect of the programmable zeros on the RX gain is shown in Fig. 2.24 (b).
Enhancing g,,, increases the zeros frequencies, offering ~4.6 dB better rejection
for the close-in blockers. The auxiliary path also improves the out-of-band
rejection of the RX by at least ~2dB at far-out offset frequencies. Note that
the auxiliary path has a negligible effect on the RX 3-dB bandwidth. For the
rest of the measurements, the auxiliary path is enabled, and g,,; is set to its
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Figure 2.27: (a) Measured NF versus the LO frequency; (b) Measured NF versus the baseband
frequency at fro = 1.5 GHz.

maximum value.

As can be deduced by (2.26) and Fig. 2.25 (a), enhancing C} reduces the
damping factor and realizes two complex poles and a flat in-band gain in the
transfer function of the RX gain. Moreover, as can be inferred from (2.27) and
Fig. 2.25(b), the 3-dB bandwidth of the TTA can be controlled by g,,; while
keeping the passive components of the TTIA constant. The RX BWgr can be
tuned from 119 MHz to 168 MHz by increasing g,,,; while the value of ( remains
almost constant. For the rest of the measurements, g,,; is adjusted to its nominal
value, and the (', tuning word is set to achieve a second-order Butterworth
response with a 160 MHz bandwidth.The harmonic rejection performance of the
proposed RX is shown in Fig. 2.26. The harmonic rejection is better than 34 dB
for the third and fifth harmonics. Note that the RX gain is still high for the
seventh harmonic, with only a lower value due to the reduced gain of passive
mixers at the seventh harmonic.

Fig. 2.27(a) and (b) depict the measured NF versus the LO frequency
and the baseband frequency. NF is 2.6 dB at the minimum LO frequency and
increases to 4.2dB at the maximum operating frequency. At the RX passband
edges, the impedance of the N-path notch filters and the TIA input capacitor
is reduced. Hence, as can be gathered from (2.38), the noise contribution of
the gyrator noise and the TTA amplifier increases at the 3-dB bandwidth edge.
Consequently, as shown in Fig. 2.27 (b), the NF degrades by 2.7dB at the RX
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Figure 2.28: Measured (a) LO leakage for two samples and (b) frequency shift of the proposed RX
normalized to BWpgp versus the LO frequency.
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Figure 2.29: Measured (a) IIP3 and (b) IIP2 versus the offset frequency (A f) normalized to BWgrp
at fro = 1.5 GHz.

passband edges.

As illustrated in Fig. 2.28 (a), the worst measured LO leakage is -90.9 dBm at
the minimum LO frequency and reaches -63 dBm at the maximum LO frequency.
As discussed in [70] and [96], the parasitic capacitors of the passive mixers
and the LNTA’s delay shift the center frequency of the RX gain towards the
lower side of the LO frequency. This is a drawback of channel selection at the
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Figure 2.30: Measured (a) B1dB versus the blocker offset frequency, and (b) blocker noise figure
versus the blocker power at fro = 1.5 GHz.

RF front end. Fig. 2.28 (b) shows the frequency shift of the RX gain (fspift)
normalized to BWgp, in which the worst frequency shift is 14% of the BWgp.
Consequently, in future implementations, a polyphase N-path notch filter [70]
should be adopted in the auxiliary path to alleviate this issue. Simulation results
show that this well-known technique can bring back the center frequency of the
RX gain to fro, without affecting the zeros frequencies.

After showing the wideband operation of the proposed RX, the LO frequency
is fixed at 1.5 GHz, and the rest of the measurements are carried out. The RX
small-signal linearity measurements are depicted in Fig. 2.29. For third-order
intercept point (ITP3) measurement, the tones are located at f; = fro + Af
and fo = fro + 2Af-5MHz. Moreover, the locations of the two tones are
fi=fro+ Af and fo = fro + Af-5 MHz for the second-order intercept point
(ITP2) measurements. The RX in-band IIP3 is -18 dBm, and thanks to the RX
sharp filtering, it improves to 15.3dBm when Af/BWgp is 1. The out-of-band
ITP3 of the proposed RX reaches to 22.5dBm at far-out offset frequencies.
The measured in-band II1P2 is 13.4 dBm, and it reaches 74.3dBm at far-out
out-of-band offset frequencies.

A small signal at fg;, = fro+5MHz is accompanied by a large blocker located
at fur = fro + Af for the B1dB measurements. As shown in Fig. 2.30 (a), the
RX in-band B1dB is -30.8 dBm, and improves to -11.8dBm when Af/BWgp
is 1. The out-of-band B1dB of the RX is -0.3dBm. The RX NF is plotted
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Figure 2.31: (a) Measured constellation at reference sensitivity; Measured constellation in the
presence of (b) -44dBm blocker located at 15 MHz offset, (c) -30 dBm blocker at 60 MHz offset
frequency, and (d) -15dBm blocker at 85 MHz offset frequency while signal power is 16 dB higher
than the reference sensitivity level.

versus the blocker power located at Af/BWgrp =1 and Af/BWgrp = 3.1 in
Fig. 2.30(b). A -10dBm blocker located at Af/BWgp = 1 increases the NF
to 6.3dB, and a 0dBm blocker placed at Af/BWgrr = 3.1 degrades the NF to
10.2dB. The NF degradation arises from the reciprocal mixing and nonlinearity
of the proposed RX. For blocker power levels below -2 dBm, reciprocal mixing
serves as the dominant noise source. However, for blocker power exceeding
-2dBm, the nonlinearity of the LNTA also becomes significant, steepening the
slope of NF degradation relative to blocker power.
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Figure 2.32: The measured constellation of 100 MS/s -60 dBm QAM-64 signal: (a) without blocker
and (b) with -5 dBm blocker located at A f/wsqp = 3.1.

The performance of the RX is also investigated based on the 3GPP require-
ments for user equipment applications. The first test is reference sensitivity,
and to do so, a 100 MS/s QPSK signal with -86.7 dBm power is applied to the
proposed RX. In this case, the throughput of the RX should be better than 95%.
Fig. 2.31 (a) shows the constellation of the received signal. The throughput
of the RX is 95.5%. Note that red squares denote the missing symbols in Fig,.
2.31 (a).

The out-of-band blocking test of the user equipment application is divided
into three ranges. In the first range, a -44 dBm CW blocker is located between
15 MHz and 60 MHz offset from the 3-dB bandwidth edge. In the second range,
the blocker is located between 60 MHz and 85 MHz offset, and its power increases
to -30dBm. The last range is the most difficult blocking scenario in which
a -15dBm CW blocker is present at 85 MHz offset frequency. Based on the
3GPP standard, the power of the desired signal in all the above-mentioned tests
should be increased by 9 + 10log;,(BWgrr/20) dB compared to the reference
sensitivity power level [2]. Since the bandwidth of the desired signal is 100 MS/s,
its power is increased by 16dB. As can be gathered from the constellation
diagrams in Fig. 2.31 (b)—(d), all the symbols are received correctly, and the
measured error vector magnitude (EVM) is always better than -18.3 dB. Hence,
the proposed RX successfully passes all out-of-band blocking tests defined in
the 3GPP standard for TDD mode.

High-order modulation schemes are used in 5G applications to increase the
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data rate and spectral efficiency. Hence, the performance of the proposed RX is
also investigated for QAM-64 signal. A 100 MS/s QAM-64 signal with -60 dBm
is applied to the RX. Fig. 2.32 (a) shows the measured constellation in which
the EVM is -29 dB. Moreover, to test the large signal performance of the RX,
a -bdBm blocker is combined with the desired signal and applied to the RX
input. As shown in Fig. 2.32 (b), the measured EVM only degrades by 1.9dB
and reaches -27.1 dB.

Table 2.1 summarizes the measured performance of the proposed RX and
bench-marks it with state-of-the-art LNTA-based RXs. The proposed RX shows
a competitive NF compared to state-of-the-art LNTA-based RXs [21,45,79,81,
87,88,97,98]. Moreover, at the cost of higher power consumption, the fabricated
prototype outperforms other LNTA-based RXs in terms of linearity except [87].
However, [87] has a relatively narrow operating frequency range, uses several
supply voltages, and requires a complex calibration procedure to reach the

reported linearity performance. Moreover, this work is the only RX that reports
EVM while facing a large CW blocker.

2.7 Conclusion

This chapter demonstrates a wideband RX in 40 nm bulk CMOS technology
for 5G TDD user equipment applications. The proposed programmable zeros
and the adopted second-order TTA increase the selectivity of the proposed
RX and satisfy the 5G stringent linearity requirements for close-in blockers.
Moreover, an auxiliary path is introduced to sink the blocker current, improving
the far-out linearity performance of the proposed RX. Two design guides are
provided to determine the components’ values of the proposed RX RF front-end
and the second-order TIA. The proposed RX could successfully satisfy the
requirements of the 5G TDD user equipment application for reference sensitivity
and out-of-band blocking tests.
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2.7 CONCLUSION

Table 2.1: Performance Summary And Comparison With State-Of-The-Art RXs.

This Work This Work Murphy Hedayati Musayev Wang Razavi Kim Guo
Respin Prototype | ISSCC 2021 [88] | JSSC 2012 [21] | JSSC 2015 [97] [ JSSC 2019 [98] [ JSSC 2021 [79] | JSSC 2022 [81] [ 0JSSC 2022 [87] | RFIC 2023 [45]
Technology 40nm CMOS 40 nm CMOS 40nm CMOS | 40nm CMOS [ 65nm CMOS 45nm SOI 28nm 65nm CMOS 65nm CMOS
for (GHz) 05-3.0 04-32 0.09-27 01-28 07-14 02-2 04-6 16-22 1-3
Gain (dB) 37 36 72 50 36.8 40 54 23.2 40
NF (dB) 26-4.2 27-36 19 1.8 19 21-25 2.11/4.428 25 2.2
BWrr (MHz) 160 160 6 10 30 20 0.2-160 80 850
LO Leakage (dBm) -94 - -66 -86 — -69 -65 -82 NA 94 --79 NA NA NA
In-band Flatness Yes Yes No No No No No No Yes
Out-of-band IIP3 16.5 10 13.5 5 1 14 38 26.1 8
(dBm) AfIBWge = 1.5 AflBWre =15 | AfIBWrr=3.3 | AflBWrr=5 AflBWrr =5 | AflBWrr=125| AflBWre=1.5 | AfIBWgre=2.5
2.7 -5 2 -8. .
SIEI(EIhy) AfBWer=25 | AUBWar=25 | AfBW = 133 NA o0 NA NA ”° NA
Out-of-band 1IP2 64 50 55 50 35 60 208 71 NA
(dBm) AfBWre = 1.5 AfBWre=1.5 | AlBWrr=3.3 | AfBWrr=5 AflBWrr =5 [ AflBWrr =125 AflBWrr=25
10.2 8.4 41 14 6.6 6.7 5.21/7.4% 5.9 36
0 dBm BNF (dB) ATBWee =31 | AfBWer=3.1 | AUBWer=133 | AfBWee=5 AfIBWer =4 AfIBWes =15
EVM wol/wi blocker -29 [ -27.1% -26.4 [ -25.5¢ NA NA NA NA -25.3¢/ NA NA NA
Supply (V) 1.3 1.3/1.2 1.3 1.1 0.8/1/1.2 1.2 1 0.4/1.212.5 1.2
Active Area (mm?) 0.5 0.6 1.2 0.8 0.25 1.05 19 0.33 0.5
72.8 + 585+ 14 + 6.5+ 44 +
PELE () 225mWIGHz | 17.6mwicHz | 35178 27-40 | 37omwigHz | %8-% B-49 | g5mWiGHz | 14 mWIGHz

& 100 MS/s -60 dBm QAM-64 with -5 dBm blocker, £ 143 MS/s -60 dBm QAM-64 with -8 dBm blocker, T Low noise mode, § Harmonic Reject, $ Highest bandwidth, ¢ 80 MS/s -57 dBm QAM-

64
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CHAPTER

A Highly-Linear Receiver Using Parallel Prese-
lect Filter for 5G Microcell Base Station Ap-
plications

3.1 Introduction

The advent of 5G mobile communication has introduced new challenges for
base station RXs operating in the sub-6 GHz spectrum. The RX must support
up to 200 MHz BWgrp while facing a close-in out-of-band blocker with -15dBm
power, located just 20 MHz from the bandwidth edge. Additionally, the RX must
handle far-out out-of-band blockers with +8 dBm power in co-location scenarios.
These blocking requirements are significantly more stringent than those in 5G
user equipment applications. Although introducing zeros into the LNTA’s
transfer function is a promising technique for user equipment applications, it
does not provide sufficient attenuation for the close-in blockers present in 5G
base station applications. Furthermore, the base station RXs must have a higher
B1dB than that of user equipment to avoid desensitization due to the +8 dBm
blockers of co-location applications.

This chapter is written based on CICC 2022 [99] and JSSC 2023 [100] papers.

S
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Figure 3.1: (a) Conventional LNTA-based structure to achieve RF selectivity [64,71,73-75,78-80,85];
(b) proposed RX with a parallel preselect filter.

To solve these issues, an LNTA-based RX prototype is proposed in this
Chapter that shows similar out-of-band linearity as prior art mixer first RXs
without sacrificing NF. Firstly, a parallel preselect filter is placed at the input
of the RX to improve the RF selectivity and achieve B1dB better than +5dBm.
Secondly, we propose a third-order RF and baseband filtering to achieve -
120 dB/dec selectivity. Finally, a translational feedback network is introduced to
reduce the in-band gain fluctuations to below 0.5 dB. The rest of this Chapter
is organized as follows: Section 3.2 discusses the proposed RX structure with
a parallel preselect filter. Section 3.3 describes the feedback network and the
theory behind it. Circuit implementation is elaborated in Section 3.4, followed
by noise analysis in Section 3.5. Measurement results are shown in Section 3.6,
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and Section 3.7 concludes the Chapter.

3.2 Proposed RX Structure

Fig. 3.1 (a) shows a simplified block diagram of a conventional current-mode
RX in which LNTA converts the RF input voltage to an RF current. Passive
mixers down-convert the LNTA’s RF current, and the transimpedance amplifier
(TTA) eventually converts it into a BB voltage. For simplicity, as shown in Fig.
3.1 (a), the input matching is provided by an ideal 50 2 shunt resistor (R,,) at
the RX input. Moreover, a notch filter is placed in the feedback of the LNTA to
provide RF selectivity in conventional LNTA-based RXs [64,71,73-75,78-80,85].
Through the Miller theorem, the RX’s input impedance can be calculated by

1 ZN

Zin = — + Ty =1 | Zap. 3.1
=G 1+ Ganzy " vl Zrr (3:1)

where Zy is the equivalent impedance of the notch filter. Furthermore, G
and 7,; denote the transconductance and output resistance of the LNTA, and
Zpr is the impedance seen from the input port of the passive mixers (see
Fig.3.1(a)). Transparency of the passive mixers up-converts the TTA’s low-pass
input impedance to a band-pass impedance at RF frequencies. Based on the
method presented [13], the up-converted BB impedance can be approximated as

ZpB (W —wro)

M Y
where Zpp is the input impedance of the TIA, wyo is the LO frequency, and M
is the number of non-overlapping LO phases. In current-mode RXs, Zzp usually
has a small value to sink the RF current of the LNTA (i.e., Zrp < 751). Hence,
the LNTA’s voltage gain can be approximated by Gy Zgp. In other words,
TIA’s low input impedance loads LNTA, thus, reducing the voltage swing at
the LNTA’s output which improves the in-band linearity of the RX.

Note that the second term in (3.1) is frequency-dependent and defines the
transition slope from the in-band frequencies to the out-of-band frequencies.
Around the operating frequency, the notch filter is open; thus, the LNTA current
is absorbed by the TIA. However, the notch filter shorts the LNTA’s input
and output ports at high offset frequencies, improving the RX’s out-of-band
linearity. Hence, the filtering order of the notch filter is directly seen at the
input impedance of the RX.

As mentioned earlier, sharp filtering is required to attenuate the -15dBm

Zrr =~ Ron +

(3.2)
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Figure 3.2: Comparison between the analytical and simulation results of (a) Zn || Ry, and (b) Grn
of the conventional and proposed RX when Zp is an LC-based third-order notch filter.

close-in blocker in the base station applications. To improve the RF' selectivity,
one can increase the notch-filter order. However, when Zy is replaced with an
ideal LC-based third-order notch filter (see Fig. 3.1 (a)), the simulated transfer
functions of the input voltage gain Gyy and Z;y || R, are not optimal, as
their roll-offs are smaller than the ideal -60 dB/dec, as can be gathered from
Fig.3.2(a) and (b). The reason behind this degradation can be intuitively
explained as follows. The load of the LNTA, Zip, has a bandpass shape, and
the LNTA’s voltage gain drops with a -20 dB/dec slope. Hence, the effective
filtering shape and slope at the RX’s input are corrupted by the notch filter
interaction with the LNTA’s voltage gain at out-of-band frequencies. In order
to solve this issue, we need to exempt the LNTA from RF filtering at the RX
input by removing the notch filter from its feedback at the cost of lower far-out
blocker rejection at the LNTA’s output. Then, RF filtering should be achieved
using another technique.
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3.2.1 Parallel Preselect Filter

A preselect filter can be adopted to improve the RF selectivity of the LNTA-
based RXs. The preselect filter can be placed in series [22,23], or parallel [68]
with the RX input. The series implementation degrades the NF of the entire
receive chain. Unlike series preselect filters [22,23], the parallel preselect filter
can be turned off to reduce power consumption and improve the NF in the
absence of blockers. An N-path filter can serve as a parallel preselect filter [68].
However, the filtering order of the N-path filter is only first-order [68], and the
amount of attenuation for the close-in blockers of the base station application is
negligible. High-order mixer-first RXs [59-62] can also be used in parallel with
the RX input to provide RF filtering. However, mixer-first RXs require a large
input capacitor at the TTAs’ inputs to sink the blocker current and improve
the out-of-band linearity, thus, substantially increasing chip area. Moreover, at
far-out offset frequencies, the input impedance of the RX is related to the Roy
of the switches. Hence, large switches are required to provide enough filtering
for the large blockers of the co-location applications, demanding high dynamic
power consumption.

In order to solve the issues mentioned above, we propose adding a high-order
parallel preselect filter at the RX input. As depicted in Fig. 3.1 (b), the parallel
preselect filter comprises a transconductance stage and a notch filter. Now, the
RX’s input impedance can be rewritten as

1 ZN

ZIN = + :
Gup 1+Guprop

(3.3)

where Gy p and 7, p are, respectively, the transconductance and the output
resistance of the parallel preselect filter. As can be deduced from (3.3), the
voltage gain of the parallel preselect filter is constant over frequency, and the
frequency-dependent part of the RX’s input impedance is only related to Zy.
Hence, if one replaces Zy with the same LC-based third-order notch filter,
the RF selectivity at the RX’s input will be third-order (see the simulation
results in Fig. 3.2 (a) and (b)). The parallel preselect filter plays two roles in
the proposed RX structure. First, it provides sharp filtering at the RX input
to attenuate close-in blockers. At far-out frequencies, since the notch filter
is short, the input impedance of the RX becomes 1/Gj; p. Hence, its second
task is to sink the blocker current at far-out offset frequencies, thus relaxing
the LNTA linearity requirements (see Fig.3.1(b)). Compared to the case of
using high-order mixer-first RXs [59-62] as the parallel preselect filter, the
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far-out input impedance of the proposed RX is reduced by raising the dc power
consumption of the transconductance stage (i.e., via increasing Gs p) instead
of consuming more dynamic power in LO buffers to drive enormous low-Roy
switches. Moreover, the proposed structure does not need any baseband TIAs.
Consequently, depending on the technology node, for the same amount of far-
out input impedance and filtering order, the proposed parallel preselect filter
would be more power efficient, especially at higher operating frequencies and
bandwidths.

It is instructive to compare the performance of the conventional RX in
Fig.3.1 (a) and the proposed RX in Fig. 3.1 (b) when they consume the same
power in the front-end components (i.e., Gy = 2Gy, Gy = Gy, and
Ga.p = Gir) and exhibit the same in-band gain and linearity. The conventional
RX would offer a lower noise figure since the front-end noise factor increases from
1/(2Gy Rs) to 1/(GarRs) for the proposed structure, as quantified in Section 3.5.
The conventional RX would also show a higher out-of-band linearity for far-out
blockers, since its input impedance would be 2x lower at far-out frequencies, as
can be gathered from the first terms in (3.1) and (3.3). However, the values of
mixers’ on-resistance and TTA feedback resistor, R, in the conventional RX
must be 2x lower to show the same in-band gain and linearity compared to
the proposed RX. This demands 2x more power consumption for driving the
main mixers, and occupying a 2x larger area for implementing TIA’s feedback
capacitance, Cp, to keep the RX bandwidth the same. More importantly, as
discussed in the previous paragraph and can be gathered from Fig. 3.2 (a) and
(b), the proposed RX maintains the filtering shape and slope and offers much
better out-of-band linearity for the close-in blockers, making it more suitable
for our application.

3.2.2 Implementation of the Parallel Preselect Filter

The next step is to realize Zy with a tunable third-order notch filter. We
propose to employ a third-order high-pass filter and translate its impedance to RF
frequency using the transparency of the passive mixers, as shown in Fig. 3.3 (a).
The third-order high-pass filter mainly comprises two series capacitors (Cy) and
one shunt inductor (Lg).

When the switches of one of the high-pass filter branches are ON, a cur-
rent proportional to the out-of-band blockers flows through the corresponding
inductor. However, when the switches are turned off, the inductor current
cannot abruptly go to zero; thus, a parallel capacitance, Cp, is intentionally
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Figure 3.3: (a) Initial schematic and (b) final implementation of the proposed parallel preselect
filter using impedance up-conversion of a third-order high-pass filter; (c) implementation of the BB
inductor using active gyrator; (d) schematic of the parallel preselect filter’s transconductance.

added to provide a return path for the inductor current. To solve this problem
while maintaining the filtering shape and order, Cp and Ly must resonate at a
frequency higher than the desired BB bandwidth, but lower than the minimum
LO frequency. In the presence of large blockers at far-out frequencies, a large
voltage appears at the BB port of the switches, disrupting the parallel preselect
filter operation due to switch failures. Consequently, as shown in Fig. 3.3 (a), M
shunt capacitors (Cp) are added at the source terminal of the switches to further
attenuate the far-out blockers at those nodes, thus improving the out-of-band
B1dB without affecting the parallel preselect filter bandwidth and roll-off.

Fig. 3.3 (b) shows the final implementation of the parallel preselect filter. To
implement the BB inductors, the ground ports of the inductors which driven by
180° out-of-phase clocks (i.e., j; and j; 472 where ¢ = 1...M/2) are connected,
and then they are replaced with one inductor. As shown in Fig. 3.3 (c), the
resulting inductor can be easily realized using a gyrator with a load capacitor.
This way, Cp is implicitly realized by the gyrator’s parasitic capacitance. The
same bias circuit as in [101] is also used to keep the common-mode voltage of
the gyrator’s input and output nodes around Vpp/2.
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The transconductance of the parallel preselect filter is implemented using an
inverter (see Fig. 3.3(d)). The inverter is sliced into three parts for measurement
purposes and can be controlled through a serial peripheral interface (SPI). As
illustrated in Fig. 3.3 (b), a bias resistor (Rpqs) is placed in the transconductance
feedback to bias the inverter around Vpp/2.

3.2.3 Design Guide for the Parallel Preselect Filter

This section develops a general design guide for determining the values of
different components (i.e., Gar.p, Ron, Cr, and Lg) of the proposed preselect
filter based on high-level system specifications, such as the required 3-dB
bandwidth (wssp) and B1dB, and some circuit-level constraints like the main
RX input 1-dB compression voltage for out-of-band blockers (Vix ) and the
transconductance output 1-dB compression voltage (Vp ). In this analysis, we
assume that the main RX provides the input matching; the notch filter does not
load the transconductance around wyp; and the effect of C'p and Cp on wsyp is
negligible.

The design guide starts with Gy p estimation. At far-out frequencies, the
preselect filter’s input impedance is approximately 1/G s p, and consequently,
the transconductance’s input voltage can be calculated by

ViB
ViN = —-"—— 3.4
N1+ GRS 3
where V; p is the co-location blocker voltage, estimated by
Vip = \/SRS x 10710, (3.5)
In order to tolerate the co-location blocker, we need to satisty Viy < Viy g,
hence,
1 (V8R, x 105"
G > — —1]. 3.6
MP =R, ( VIN,B (3:6)

Considering B1dB=+8dBm and Vix p=0.26V (see Fig. 3.4 (a)), the required
Gr,p to satisfy this blocker is ~105mS.

At high offset frequencies from wrp, Cy and Ly exhibit very low and high
impedance, respectively. Thus, the voltage gain of the transconductance can be
estimated by 2RonG . p — 1. In order to tolerate the co-location blocker voltage
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Figure 3.4: (a) Simulated main RX gain versus the input voltage created by an out-of-band blocker;
(b) simulated transconductance gain versus its output voltage swing.
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Figure 3.5: Simplified model of the parallel preselect filter.

at the output of the preselect filter, the following condition must be satisfied:

1 Vop(1+ Gy pR
Row < x( 0.8( MﬁdBS) +1)
2G P V8Rg x 1075

(3.7)

Considering Vo p =0.43V (see the simulation result in Fig. 3.4 (b)), the maxi-
mum value of Rpoy should be 12.5€) to satisfy the required B1dB of the 3GPP
applications.

Since the passive mixers up-convert BB impedances to the RF frequencies,
the parallel preselect filter in Fig. 3.3 (a) can be modeled with the circuit depicted
in Fig. 3.5. Using the same method presented in [13], the third-order high-pass
filters are replaced with 1/sCy and sLy, where s = j(w — wrp) and Cy and

Ly can be calculated by
M.Cy

. 2 L )
since (M)

Cn =~ (3.8)




A HIGHLY-LINEAR RECEIVER USING PARALLEL PRESELECT FILTER FOR 5G MICROCELL BASE STATION
66 APPLICATIONS

T ) L (3.9)

L%'Q( .
N & sine” (0 ) =

The next step is calculating C'y and Ly based on the wsgp requirement of
the 5G applications. In this regard, the input transfer function at the RX input
is derived as

25 11

1 2

Gy = 5 53 9 52 - s 1’ (310)
wiwp + Wi, + (1+Gum,pro,p)wp +

where wy and wp are 1/v/LyCy and 2/(RsCn(1 4 G prop)), respectively.
Note that the effect of passive mixers’ Roy is neglected in this calculation.

As can be inferred from (3.10), Gyy has two zeros at Fwy/v2 and two
complex conjugate poles and one real pole created by the miller effect of Cy
and Rs/2. Mathematical derivations lead to the following estimate for the 3-dB
bandwidth

-3
W3dB = Wp |7 71 ~ Wp (’yQ — 2) R (3.11)
2 14+Gar,pro,p

where 7 = wy/wsgp. Since the frequency of the zeros should lie outside the
w3qp, the minimum value of v is v/2. As can be gathered from (3.10), if a much
larger value for v is chosen, wsgp will mainly be defined by (1 + Gar.prop) wp.
This means that Ly shorts the middle point of the notch filter to the ground
even after wsgp, and the transfer function relies on the real pole created by Cy
and Rs/2. Hence, the filtering slope at the RX input becomes first-order, and
the benefit of the proposed structure diminishes. On the contrary, choosing a
value close to v/2 for the v pushes the zeros towards wsgp, creating stability
issues.
By substituting wp in (3.11), the values Cy and Ly may be calculated by

2(y* - 2)
Oy = , 3.12
N sas (14 Gum.prop) Rs (3.12)
Ly = (3.13)
N VQW?%dBCN' .

Finally, one can determine the values of the Cy and Ly from (3.8) and
(3.9). As a design example, by choosing v=1.8, ws;p =200 MHz, M =8, and an
intrinsic gain of 6.5 for the transconductance, the calculated values of the C'y
and Ly are 2.2 pF and 350 nH, respectively. Similar values for C'y and Ly are
used in the final implementation of the parallel preselect filter.
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Figure 3.7: Simulated input impedance of the implemented gyrator.

After determining Ly, the design guide concludes by investigating the trade-
offs in the Ly implementation using a gyrator with a load capacitor of Cf /2
(see Fig.3.3(c)). Fig.3.6 shows the single-ended gyrator schematic with its
equivalent lumped-element model. The gyrator is realized by a feedforward
(gm.a) and a return (gm,p) transconductance with an output resistance of r,,
and r,, respectively. In this model, Cp is the total parasitic capacitor at the
gyrator input, dominated by g, , input capacitor. As can be gathered from
the lumped-element model and the simulation result in Fig. 3.7, the gyrator’s
input impedance at low frequencies is limited by an undesired series resistance,

estimated by

1
Ryp= ———— (3.14)

9m.aTo,a9m.b
In order to minimize R, the intrinsic gain of the g, , and the value of
9gm,p should be maximized. Hence, employing long-channel devices for g,
implementation and the minimum channel length transistors for g,,; realization
is beneficial.
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Beyond a cut-off frequency of wse, = Rser/ Ly, the gyrator’s input impedance
becomes inductive with a value of

Cr

Ly=—-"—.
9Im.a9m.b

(3.15)
Since the effect of gyrator noise on the RX NF is negligible, (3.15) suggests
choosing smaller values for Cr, and g, , to optimize the chip area and power
consumption. Note that wg.,. should be safely smaller than ws;p to ensure
sharp filtering order at the RX input, resulting in a required minimum output
resistance for the feedforward transconductance,

1
Toa = . 3.16
" Crwsap (3.16)
Ly eventually resonates with C'p at a self-resonance frequency of
1
(3.17)

WSRF — 7/@,

Beyond wgrp, the gyrator’s input impedance becomes capacitive, and the
filtering slope drops dramatically, as will be demonstrated in the measurement
results. This means to maintain the filtering order over a wider frequency range,
Cp must be minimized by realizing g, , with the minimum channel length
transistors. However, according to (3.14), this will increase R, affecting the
filtering shape at the passband edges. Consequently, there is a trade-off between
R, and gyrator bandwidth.

3.3 Translational Feedback Network

3.3.1 Input Matching in Current-Mode RXs

In voltage-mode RXs, a resistor with a value of Ry X Grya (Grya: LNA’s
voltage gain) is usually placed in the LNA feedback to provide the input
matching [64]. However, since the LNTA gain is small in current-mode RXs,
and the feedback resistor must be significantly reduced, thus degrading the RX’s
NF'. To decouple input matching from the LNTA’s gain, as highlighted in purple
shown in Fig. 3.8 (a), a translational feedback network [65-67] is adopted here
by up-converting BB signals at TIAs” outputs and feeding them back to the
RX input through a matching resistor (R,,) and an ac coupling capacitor (Cy,).
Due to the effective use of the RX voltage gain (Ay), the R,, value increases
to Rs x Ay, thus contributing negligibly to the RX’s NF. Note that Ay has a
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Figure 3.8: (a) Simplified block diagram of the proposed RX with a conventional translation loop for
providing the input matching (for the sake of simplicity, Zy is replaced by a first-order notch filter);
(b) simulated Grx in different scenarios; (c) Simplified block diagram of the main RX path with
the proposed translational feedback network for compensating the side effects of parallel preselect
filter delay.

AAA
LA AL

=

positive sign; thus, a —1 multiplication is required in the translational feedback
network to avoid positive feedback.

3.3.2 Delay of the Transconductance

In the preselect filter, the transconductance stage has a delay, which in-
troduces an undesired phase shift in the current passing through the notch
filter, thus changing the input impedance at the passband edges in opposite
directions and creating a negative center frequency shift and a gain peaking
at the lower edge of the passband, as shown in Fig.3.8(b). To analyze this
phenomenon without any loss of generality, we assume that the notch filter is
a simple first-order notch filter composed of an up-converted capacitor and a
parallel resistor (i.e., j(w — wro)Cn and Ry in Fig. 3.8 (a)). In this simplified
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Figure 3.9: Simulated gain of Fig3.8 (a) receiver with G prop=6, Rs = 509, Cn = 8pF,
tq=20ps, and frpo =2 GHz.

case, the transfer function at the RX input is Gy = Zin/(Z1v + Rs), in which
ZN

Zin ~ Ry || s o
9 07

x eWhd (3.18)
and t4 is the delay of the transconductance. In the derivation of (3.18), it is
assumed that the input impedance of the parallel preselect filter is the Miller
effect of Zy, and the voltage gain of the parallel preselect filter, Gy pro p, is
much higher than one. By setting d|Gy|*/dw = 0, the shifted center frequency
can be derived by

2tg w3dBtd>
eak.n ~ 1— ~ 1— . 3.19
Wpeak, WLo ( Gm,pro,p R. CN) WLO ( 9 ( )

As indicated in (3.19), the amount of the frequency shift is much more severe
in high bandwidth applications, such as 5G. For example, with G pr, p =6,
Rs = 509, Cx = 8pF, t;=20ps, and fro =2GHz, (3.19) estimates that the
center frequency shifts to 1.967 GHz, while the simulation result in Fig. 3.9
shows that the center frequency lies at 1.962 GHz. Consequently, the simulation
result is in good agreement with the presented calculations. To solve this issue,
a polyphase notch filter has been proposed [70, 78], which requires M extra
amplifiers to share the [ and () signals to compensate for the LNTA delay.
However, these extra amplifiers should handle the large blockers in co-location
applications, demanding substantial power consumption.
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3.3.3 Proposed Translational Feedback Network

In order to compensate for the negative center frequency shift caused by the
trans-conductance delay, we propose to intentionally realize a positive center
frequency shift in the main RX path. Consequently, as shown in Fig. 3.8 (c), the
'—1" multiplication is replaced with "j" multiplication in the translational loop
to accomplish this goal. To calculate the induced frequency shift and for the
sake of simplicity, the main RX path is modeled with a band-pass amplifier,

Ag
1_’_%“ ’s:j(wwao)a

A(s) = (3.20)

where wpy is the dominant pole of the amplifier and equals to 1/(RpCF).
Moreover, Ay can be approximated by aGy;Rp, in which « is sinc? (/M) /M
[102]. The amplifier has its maximum gain at wyp, and the gain drops with a
first-order slope at out-of-band frequencies. The transfer function of the RX
from the source (V;) to the TIAs” outputs (V,,:) can be derived as follows:
Vour _ Ao . (3.21)

VS wR,,Cy, s [ Ww—w _ (WRmCm)2 >
1+ 1+(wRpmCp)? T ( wpfo 1+(wRpmCp)?

In the derivation of (3.21), R,, is assumed to be (1 + Ay) X Ry to satisfy the input
matching requirements. By setting d|V,.:/Vs|?/dw = 0, the center frequency of
the main RX path can be estimated by

wioly Cm

Wpeak,p ~ WLo + wpr X (322)

Consequently, the proposed technique shifts the passband center towards
higher frequencies, and the amount of the frequency shift can be controlled by
adjusting C,, without affecting other RX’s characteristics. In the above analysis,
it is assumed that the signal in the main RX path does not experience any delay
for the sake of simplicity. As displayed in the green curve in Fig. 3.8 (b), when
the preselect filter transconductance is replaced with an ideal component with
no delay, the proposed translational loop changes the simulated RX transfer
function by realizing a positive center frequency shift and a gain peaking at the
upper edge of the passband. When the transconductance is implemented using
real devices, the peak created by the translational feedback network cancels out
the peak on the lower side, and a flat gain response can be achieved, as shown
in the blue curve in Fig. 3.8 (b).
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Figure 3.10: (a) Simulated loop gain versus the angle of the reflection coefficient for different VSWR
values, using (3.23) and considering fr.o =3 GHz and C,,, =300 {F; (b) simulated loop gain of the
implemented RX for VSWR = 2 (Z;=10012) and 3 (Z;=1501).

To ensure that the proposed translational loop does not sacrifice the receiver
stability, the RX loop gain, LG, in the simplified model is calculated,
j AOZS

R, + 7, + jwlcm’

LG =

(3.23)

where Z, is the antenna source impedance. To satisfy the input matching, R,,
should equal (1 + Ap) x 50€2. Therefore, (3.23) can be simplified to

jAOZs

Zs+ 50 x (1+ Ao) + 756

LG = (3.24)

When Z,=50(2, even in the worst-case scenario, in which the C), impedance
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Ao

2+ A
the proposed translational network will not cause any stability issues. However,

in practice, the antenna’s impedance varies from its ideal value. Fig.3.10 (a)
shows the loop gain versus the angle of the reflection coefficient () for different
voltage standing wave ratios (VSWR), using (3.23) and considering f1o =3 GHz
and C,, =300fF. Based on (3.23) estimation, the loop gain exceeds one for
VSWR > 2 at # ~0, where the antenna impedance is almost purely resistive and
considerably larger than 50 2. To verify the presented analysis, the loop gain of
the entire RX chain is also simulated in Cadence using 'PSS’ and '"PSTB’, and
the results are shown in Fig. 3.10 (b) for VSWR =2 and 3. The loop gain of the
RX chain is slightly lower than 0dB, proving that the translational feedback
network is stable for VSWR < 2.

becomes much smaller than R,,, the loop gain reaches < 1, proving that

3.3.4 Effect of RX Delay

This subsection recalculates the center frequency shift due to the proposed
translational feedback loop by considering the delay of the main RX path, ¢4 px.
The source of this delay mostly comes from the LNTA and the TTIA’s amplifier.
Moreover, depending on the sign of the phase misalignment between the LOs
of the main RX path and the translational feedback network, t; px slightly
increases or decreases (for example, positive t4 1o increases t;rx in Fig. 3.11
(a)). Taking the t; px into account, the main RX path can be modeled by a
band-pass amplifier with a transfer function of

Ao

s.e I, RX |S=j(w—wLo) :

Al(s) = (3.25)

1+

wp1

The transfer function from the source to the output of the TIA can be derived
using (3.25),

‘/Out AO
— 2
V, D) (8:26)
where D (w) is given by
wR,,C), . W — Wro
D(w)=1+ + sin(wt X —
() 1+ (meC’m)2 (Wha.rx) wp1
. W — Wro (WRmCh)?
+ 7 | cos(wt X — ) 3.27
J ( (Wharx) wp1 1+ (UJRmCm)z ( )
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Figure 3.11: (a) Illustration of the phase misalignment between the LOs of the main RX path and
the translational feedback network; (b) Simulated RX gain for different time shifts between the LOs
of the main RX path and the translational feedback network.

By setting d|V,.;/Vs|*/dw = 0, the center frequency of the main RX path can
be estimated by

(meC'm)2
14+ (WRmCrm)”

L+ tgrxwpr X (1 + dﬁ%)

Wwro +wp1 X

(3.28)

Wpeak,p =

As can be gathered from (3.28), due to ¢4 rx, the center frequency is shifted to
lower frequencies than predicted by (3.22). This issue is also observed in the
simulation results in Fig.3.11 (b), in which adding a delay between the LOs
of the main mixers and the translational feedback network creates a negative
center frequency shift and a gain peaking at the lower edge of the passband.
Hence, the value of (), must be increased further to also compensate for the
delay of the RX main path and the LO misalignment.
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Figure 3.12: Block diagram of the LO generation circuit [70].
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Figure 3.13: Complete block diagram of the proposed RX.

3.4 Circuit Implementation

Fig. 3.12 shows the complete block diagram of the LO generation unit. After
the on-chip 50 () termination resistors, a phase aligner is employed at the input
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Figure 3.14: Schematic of implemented harmonic rejection circuit: (a) I path and (b) Q path.

of the LO generation to compensate for any phase and amplitude imbalance
of the incoming differential off-chip clock. Then, off-chip LO is buffered and
applied to a divide-by-two followed by a divide-by-four stage. Finally, the
divide-by-four outputs are resampled with the outputs of the input buffer and
the divide-by-two to generate non-overlapping LOs with minimum phase noise
penalty, as described in [70].

Fig. 3.13 shows the complete block diagram of the proposed RX. SPI has
been used to configure the chip in the linear and low-noise mode and to control
all tunable components. The RF input signal is converted to an RF current by
the LNTA, and then the RF current is down-converted to a BB current using
passive mixers. The TIA converts the BB input current to a BB output voltage.
Harmonic rejection (HR) [103] combines the output voltages of the TIAs to
generate the BB I and Q signals. As illustrated in Fig.3.14 (a) and (b), like
in [78], the ratio of resistors is used to implement the 1 + V2 scaling factor
needed for the HR. An input capacitor (Crg) is placed at the HR amplifier
to absorb the out-of-band blocker current, thus relaxing the requirements of
the HR amplifier. Since the voltage gain of the TTA is used to provide input
matching, the RX voltage gain is only controlled by the tunable feedback resistor
of the HR amplifier (i.e., Ryr).

In the low-noise mode, the parallel preselect filter is off; thus, —1 multipli-
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Figure 3.15: (a) Schematic of the implemented LNTA; (b) simulated G,, of the LNTA and its
HVT-based and SVT-based transconductances versus the voltage swing around the input bias
voltage of the LNTA; (c) schematic of the proposed third-order TIA.

cation is required in the translational feedback network. On the other hand,
in the linear mode, the parallel select filter is on, and a j multiplication is
required to compensate for the delay of the transconductance. As shown in Fig.
3.13, different phases of the LO are used to implement the required —1 and j
multiplications. For example, in the low-noise mode, by following the output of
the TTA connected to ¢1, one can observe that it is up-converted to RF using
¢5 (—1 multiplication). However, in the linear mode, the output of the TTA
connected to ¢ is up-converted to RF using ¢7 (7 multiplication). To satisfy
the input matching, the value of R,, is 1.25k(). Moreover, the value of C,, can
be tuned using SPI between 25- 300 fF.

The RX out-of-band linearity performance is mainly determined by the
LNTA. Hence, the LNTA should be able to handle the voltage swing created by
large out-of-band blockers and stay linear. Fig.3.15 (a) depicts the schematic of
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the implemented LNTA. Like [104-106], the LNTA is composed of two inverters
in parallel; One is implemented using the standard threshold voltage (SVT)
devices, and the other is realized utilizing the high voltage threshold (HVT)
devices. A feedback resistor, Rpg, is also added to provide the bias voltage of
the LNTA. As can be seen in Fig.3.15 (b), when the two devices are in parallel,
the LNTA provides constant G, over a wider input voltage range, improving
the out-of-band linearity performance of the proposed RX. Based on simulation
results, the out-of-band ITP3 of the proposed LNTA is 5dB higher, compared
to the case in which the LNTA is implemented only by SVT devices.

Since the TTA converts the BB current to a BB voltage, a voltage swing
will appear at its output. The close-in blockers of the base station applications
create a large voltage swing at the output of the TIA, saturating its amplifier.
Hence, it is desirable also to have sharp filtering at the output of the TIA. As
shown in Fig. 3.15 (c), a third-order high pass impedance is also placed in the
TIA’s feedback to provide sharp filtering at the output of the TIA. Like the
parallel preselect filter, BB inductors of the TIA are also implemented using a
gyrator. The values of C'y and Ly here are similar to those used in the parallel
preselect filter. Finally, a common-mode feedback similar to [21] is used to keep
the dc bias of the TIA output around Vpp/2.

3.5 Noise Analysis

This section calculates the noise figure of the proposed RX in Fig. 3.1 (b) in
the low-noise and linear modes. In the low-noise mode, the parallel preselect
filter is off, and as explained in [21], the noise contribution of TIAs and the
on-resistance of the mixer switches to the RX noise figure can be neglected due
to the LNTA’s high output impedance. Consequently, the noise figure in the
low-noise mode can be estimated by

1 Ry 1
+ GMQRS + RB) SZ"rZC2 (ﬁy

where Rp is the bias resistor of the LNTA (see Fig.3.15(a)). Typically, Rp is
chosen large, and the NF is related only to Gj;Rs. Considering G0 = 100 mS,
M = 8, and Rp = 3002, (3.29) estimates an optimistic RX noise figure of
1.55dB in the low-noise mode.

The next step is calculating the noise penalty due to the parallel preselect filter.
Fig. 3.16 shows the equivalent model of the parallel preselect filter with the
input-referred noise of the gyrator and the output current noise of the parallel

F = (1 (3.29)
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Figure 3.16: Simplified model of the proposed parallel preselect filter with the input-referred noise
of the active blocks.

preselect filter transconductance. Since sLy is short to ground at the in-band
frequencies, the total input-referred noise penalty due to the parallel preselect
filter can be derived as follows

2 .
9 T07PR$> D) J (w — wLo) CNRS 2 9
Uy i = . + , v, , 3.30

’ ( 2/ p GMP |2 +7 (cu — wLo) CyR, GY R ( )

where Zp = Rpius||Zn, and Rp;es is the bias resistor of the transconductance
of the parallel preselect filter. As can be deduced from (3.29), the noise of the
gyrator is high-pass filtered by the notch filter capacitors and has a negligible
effect on the noise penalty of the parallel preselect filter. Then, the NF of the
proposed RX in the linear mode can be calculated by

1 R, 1 (APRS>2 1
+ + X
Gua2Rs  Rp  GupRs \ 2Zp

Fy = (1 + (3.31)

sinc? (ﬁ) 7
where Ap = G p X 1, p. Consequently, by choosing Zp > Ap X R, the noise
penalty due to the activation of the parallel preselect filter can be minimized.
In practice, as will be shown in Fig. 3.20 (a), the measured NF at the lowest
operating frequency degrades only by 0.6 dB when changing the RX configuration
from the low-noise mode to the linear mode. However, it is worth mentioning
that the parallel preselect filter adds an extra parasitic capacitor to the RX input
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Power Consumption Breakdown
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Figure 3.17: The die micrograph and the power consumption breakdown of the proposed RX at
1.5 GHz LO frequency.

(especially the Miller effect of ¢yq in Fig.3.16). This extra parasitic capacitor
degrades the NF' of the proposed RX as the LO frequency increases.

3.6 Measurement Results

The proposed RX was fabricated in TSMC 40-nm technology. As shown
in Fig. 3.17, the fabricated prototype occupies 1.2 x 1.75 mm?, while the core
area of the chip is 0.8 mm?. The power consumption of the different blocks
is summarized in Fig.3.17 when the LO frequency is 1 GHz. The proposed
RX was directly bond-wired on a four-layer FR4 printed circuit board (PCB).
Fig. 3.18 shows the measurement setup. Keysight noise figure analyzer (N8973A)
and network analyzer (P9375A) were used to respectively measure the NF
and the input matching of the proposed RX. Keysight Infiniium (MSOS804A)
with embedded 10-b ENOB analog to digital converters (ADCs) was employed
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Figure 3.18: Measurement setup.

to capture the BB output of the chips for the error vector magnitude (EVM)
measurements and 3GPP requirements. For the linearity and gain measurements,
an R&S signal analyzer (FSW8) was used.

3.6.1 Wideband Operation

As shown in Fig.3.19 (a), the proposed RX is functional from 0.5-3 GHz.
The RX gain is 34.5dB at 0.5 GHz LO frequency, and it reduces to 33.5dB at
3 GHz due to the parasitic input capacitance of the RX. Moreover, the measured
3-dB bandwidth of the proposed RX is about 150 MHz. Fig.3.19 (b) shows the

measured Sp; over the operating frequency range. The bandwidth in which
S11 remains below -10dB is ~40% lower than the RX 3-dB bandwidth. As
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Figure 3.19: Measured (a) RX gain and (b) S11 over operating frequency.
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Figure 3.20: Measured (a) NF versus the LO frequency and (b) S1; for different Gjs p values at
1.5 GHz LO frequency.

mentioned earlier, the input matching is provided by the Miller effect of R,,.
Due to the RX channel selectivity, the RX’s voltage gain reduces near the
passband edges, increasing the RX input impedance and degrading S, as also



3.6 MEASUREMENT RESULTS 83

10 | ] | ] | L
- Low-noise Mode
g L—Linear Mode i
8
Z 6t i
L.
=
4 i o of i
- hadad - =
2 'l 1 1 i
0.5 1 1.5 2 2.5 3
f o (GHz)

Figure 3.21: Measured NF versus the BB frequency for different LO frequencies.

discussed in [80].

The measured NF is depicted in Fig. 3.20 (a) versus the LO frequency. In
the low-noise mode, the NF is 2.6 dB at 0.5 GHz LO frequency, and increases to
3.9dB at the maximum LO frequency. In the worst case, the parallel preselect
filter degrades the NF by 1.2 dB compared with the low-noise mode. As
predicted by (3.3) and illustrated in Fig.3.20 (b), increasing G s p reduces the
input impedance of the RX at the out-of-band frequencies, and therefore, the
S11 reaches -4 dB for the maximum Gy p, thus reflecting blocker signals at those
frequencies. Fig.3.21 shows the measured in-band NF versus the baseband
frequency for different LO frequencies. The NF is measured for the baseband
frequencies above 10 MHz due to the limitation of our instrument, Keysight
N8974A. In the linear mode, the NF degrades near the passband edges for two
reasons. First, as explained in the previous paragraph, the RX input impedance
increases in those regions. Second, as shown in Section 3.5, the noise penalty
of the parallel preselect filter is proportional to (Rs/(Rpias||Zn))?. At low
baseband frequencies, by choosing Rp;.s big enough, this noise penalty can be
ignored. However, as the baseband frequency increases, Zy drops below Rp;.s,
thus making the noise penalty of the parallel preselect filter visible around the
bandwidth edges.

Fig.3.22 (a) shows the RX transfer function and filtering order in three
different scenarios. In case-1, the parallel preselect filter and the BB inductors
in the TTAs are disabled. Hence, the system just relies on the single real pole of
the TIAs, showing only ~-20dB/dec roll-off. The BB inductors are turned on
in case-2 while the parallel preselect filter is still off. In this case, the third-order
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Figure 3.22: (a) The channel selectivity of the proposed RX; (b) blocker NF.

high pass filter creates complex conjugate poles, thus achieving a flat gain
response and ~-60dB/dec roll-off. Finally, activating the parallel preselect
filter realizes another third-order filtering and increases the transition roll-off to
~-120dB/dec for close-in blockers. Due to the limited bandwidth of the BB
inductors in the TTAs and parallel preselect filter, the slope of the transition band
returns to ~-20dB/dec when the frequency exceeds the gyrators’ bandwidth.
The bandwidth of the BB inductors can be increased to preserve sixth-order
filtering for a wider frequency range at the cost of power consumption.

The NF is also measured versus the power of the out-of-band blocker. The
ratio of the blocker offset frequency to the BWgp is 3.3. As depicted in
Fig.3.22 (b), in the presence of a +5dBm out-of-band blocker, the NF degrades
only by 5dB.

Fig.3.23 shows the RX in-band gain response in different cases. When
the translational feedback network is off, there is a gain peaking at the lower
side of the RX operating frequency due to the delay of the preselect filter
transconductance (see blue curve in Fig.3.23 (a)). Then, the translational
feedback network is turned on, and the parallel preselect filter is disabled. As
depicted in Fig.3.23 (a), the translational feedback network creates another
peak at the upper side of the transfer function (red curve). Finally, when both
the translational feedback network and the parallel preselect filter are on, the
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Figure 3.23: (a) The in-band gain response of the proposed RX in different scenarios; (b) the effect
of C,, on the RX transfer function.
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Figure 3.24: Measured IIP2 (a) and IIP3 (b) versus the offset frequency normalized to the RF
bandwidth.

peaks at the lower and upper sides cancel out each other. Hence, a flat gain
response can be achieved, and the in-band gain ripple is below 0.5 dB (green
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Figure 3.25: (a) Measured B1dB versus the normalized offset frequency; (b) measured constellation
at the reference sensitivity for 100 MS/s signal (red squares represent the missed symbols).

curve in Fig.3.23 (a)). As predicted by (3.22) and measured in Fig. 3.23 (b),
increasing the value of (), shifts the peak frequency towards the upper side of
the operating frequency.

3.6.2 Linearity Measurements

The in-band and out-of-band ITP3 and IIP2 measurements are exhibited in
Fig.3.24 (a) and (b), respectively. The in-band IIP2 (IIP3) in the linear mode
is +18dBm (-13dBm). Since the last gain stage of the RX limits the in-band
linearity, in-band 11P2 (ITP3) for the low-noise mode is also +18 dBm (-13 dBm).
For linear mode, the out-of-band ITP2 of the proposed RX is +65 dBm. Enabling
the parallel preselect filter improves the out-of-band IIP2 to 485 dBm.

The out-of-band TIP3 for the low-noise mode is +11 dBm. Moreover, in the
linear mode, the out-of-band I1P3 is 428 dBm which shows a 17 dB improvement
compared to the low-noise mode. The large-signal operation of the proposed RX
is depicted in Fig.3.25(a). An in-band blocker with -24 dBm power drops the
gain of the proposed RX by 1dB. Thanks to the sharp filtering of the proposed
RX, the B1dB improves from -24 dBm to -5 dBm for the adjacent channel. For
the low-noise mode, the out-of-band B1dB of the proposed RX is -5 dBm, and
enabling the preselect filter improves it to +5dBm. The measured B1dB is
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Figure 3.26: Measured constellation for 100 MS/s signal: (a) in the presence of a -38 dBm in-band
blocker and (b) when a -15dBm out-of-band blocker at 20 MHz offset frequency is applied to the
RX.

-15.4dBm for a close-in blocker located at 20 MHz offset frequency. While this
B1dB is 0.4dB lower than the required value of the 3GPP standard, it is still
good enough to satisfy the close-in blocking test of the 3GPP.

3.6.3 3GPP Requirements

The performance of the proposed RX is also measured based on the 3GPP
requirements for the microcell base station applications [1]. In order to do so,
a 100 MS/s QPSK signal is applied to the input of the RX. The RX in-phase
(I) and quadrature (Q) BB signals are then converted to digital by the ADC
of the high-speed oscilloscope. The voltage gain of the RX assures that the
quantization noise of the ADC does not degrade the SNR of the received signal.
Finally, the captured BB data of the oscilloscope is post-processed in MATLAB.

First, the reference sensitivity requirement of the 5G microcell base station
is investigated. Since the power of the desired signal is low, the proposed RX is
configured in low-noise mode to ensure sub-3dB NF. The power of the desired
signal is -83.7dBm, hence, SNR of the signal at the RX output is 7.5dB (note
that the NF is 2.8dB). As shown in Fig. 3.25 (b), the RX throughput is 97.5%
for the reference sensitivity, thus satisfying the 3GPP requirement by a 2.5%
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margin.

Second, the RX performance is measured in the presence of an in-band
blocker. In this test, the RX throughput should be better than 95%, while the
power of the desired signal is 6 dB higher than the reference sensitivity and
an in-band modulated blocker with 20 MHz bandwidth and -38 dBm power is
present. As depicted in Fig. 3.26 (a), since the EVM of the received signal is low
enough (i.e., -11.7dB), all the symbols are detected correctly, thus comfortably
meeting the 3GPP requirement.

Third, the out-of-band blocking of the 5G microcell base station applications
is investigated. A -15dBm out-of-band blocker can be located at a 20 MHz offset
frequency from the passband edge. In the presence of this blocker, sharp filtering
is required to avoid gain saturation at the BB outputs of the RX. Hence, the
proposed RX is configured in the linear mode. Similar to the in-band blocking
scenario, the power of the desired signal is 6 dB higher than the reference
sensitivity, representing 12.3dB SNR (note that NF is 4dB in the linear mode).
As shown in Fig. 3.26 (b), the measured EVM is -9.7dB in this case, and the
throughput is 100%.

3.6.4 High-order QAM

In the next test, a 100 MS/s QAM-64 OFDM signal is applied to the input
of the RX. As depicted in Fig.3.27 (a), when the power of the input signal is
-60 dBm, the measured EVM is -26.3dB (note that the RX is configured in the
linear mode). Then, the EVM is plotted versus the power of the input signal,
Pg, in Fig.3.27 (b). This curve can be divided into three regions. In region
1, the EVM is limited by the thermal noise, and increasing the signal power
improves the EVM. Then, the EVM is limited by the I/Q imbalance and the
phase noise of the LO in region 2. Finally, in region 3, the EVM is restricted by
the distortion at the output of the RX due to limited in-band linearity. It is
worth mentioning that the input signal has around a 10 dB peak-to-average ratio
(PAPR). Hence, the high PAPR of the input signal degrades the performance of
the RX for high input power signals.

In Fig.3.28, the performance of the proposed RX is investigated in the
presence of a 0 dBm continuous wave (CW) blocker located at a 500 MHz offset
frequency from the desired -60 dBm 100MS/s QAM-64 OFDM signal. In the
low-noise mode, the out-of-band blocker saturates the LNTA, and the desired
signal cannot be appropriately received (see Fig.3.28 (a)). Then, the proposed
RX is configured in the linear mode. As illustrated in Fig. 3.28 (b), the measured
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Figure 3.27: (a) Measured constellation for a 100 MS/s QAM-64 -60 dBm signal; (b) Measured EVM

versus the input power of the desired signal.
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Figure 3.28: Measured constellation for a 100 MS/s QAM-64 -60 dBm signal in the presence of a
0 dBm out-of-band blocker: (a) low-noise mode (b) linear mode.

EVM is -24.3 dB in this case, which shows only 2 dB degradation compared to the
EVM of 3.27 (a). This 2dB degradation can also be inferred from Fig. 3.22 (b),




A HIGHLY-LINEAR RECEIVER USING PARALLEL PRESELECT FILTER FOR 5G MICROCELL BASE STATION
90 APPLICATIONS

where the NF degrades by 2dB in the presence of a 0 dBm blocker.

3.6.5 Performance Summary and Comparison

The performance of the proposed RX is summarized in Table 3.1 and com-
pared to the state-of-the-art RXs. In the low-noise mode, the proposed RX
can achieve sub-3dB NF while showing similar linearity performance compared
to the other LNTA-based RXs. In the linear mode, however, it outperforms
LNTA-based RXs [78,81,88,98]. The LNA-Based RX in [87] offers better out-
of-band ITP3, at the cost of using multiple supplies and a complex calibration
scheme. Moreover, it only achieves 0.5dBm B1dB and 80 MHz RF bandwidth
compared to 5dBm and 150 MHz of the proposed RX. Compared to the mixer-
first RXs [58,60,61], the proposed RX achieves comparable out-of-band 1TP2 and
ITP3 while demonstrating better NF and filtering order. Filtering by aliasing
RX [107] reports a better out-of-band ITP3 but with much higher NF, lower
bandwidth, and operating frequency while its passband is not flat. Moreover,
the proposed RX is the only RX that reports EVM in the presence of a 0 dBm
blocker.

3.7 Conclusion

This Chapter presents a wideband RX in 40-nm CMOS technology for 5G
microcell base station applications. Thanks to the proposed parallel preselect
filter, a +5 dBm out-of-band B1dB is achieved, making the proposed RX a good
candidate for microcell co-location applications. Third-order RF and BB filters
are utilized to achieve -120 dB/dec channel selectivity to satisfy the close-in
blocking scenario of the base station applications. A translational feedback
network is placed in the feedback of the RX to reduce the in-band gain ripple
to below 0.5 dB. The proposed RX is reconfigurable, and in the low-noise mode,
it can achieve sub 3-dB NF while achieving +28 dBm out-of-band IIP3 in the
linear mode. With a -60 dBm 100 MSym/s (0.6Gb/s) 64-QAM OFDM input
signal, the RX EVM only degrades from -26.3dB to -24.3dB when facing a
0 dBm out-of-band blocker. Moreover, thanks to its current-mode operation
and sharp filtering, the proposed RX meets all in-band and out-of-band 3GPP
blocking requirements.
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3.7 CONCLUSION

Performance Summary And Comparison With State-Of-The-Art RXs.

Table 3.1

This Work Wang Razavi Montazerolghaem Musayev Kim Krishnamurthy Pini Krishnamurthy Bu
LowNoise | Linear JSSC 2021[79] | JSSC 2022[81] | 1SSCC2021[88] | JSSC2019[98] | 0JSSC2022[87] JSSC2019[60] JSSC2020[58] | SSCL2021[61] | JSSC2022[107]
Architecture LNTA Based LNTA Based LNTA Based LNTA Based LNTA Based LNA Based Mixer First Mixer First Mixer First Slice-Based
. . Programmable . Third-order High order -
Technique Preselect filter and third-order TIA Gm boosting N- Im.::o:_o zeros and second- Quantized RX Om__va;ma Second-order TIA current-mode impedance + N- _u__ﬁm::.@ by
path filter rejecting Quantized RX - aliasing
order TIA filtering path
Technology 40 nm CMOS 45 nm FDSOI 28 nm 40nm CMOS 65nm CMOS 65nm CMOS 28 nm CMOS 28nm CMOS 28nm CMOS 28 nm
for (GHz) 05-3 02-2 04-6 04-32 0.7-14 17-22 02-2 05-2 02-35 0.1-1
Gain (dB) 25-45 40 54 36 36.8 232 13 324 16.3 10
Single Ended Input Yes Yes Yes Yes Yes Yes Yes No Yes Yes
Supply (V) 1.3 1.211.6 1 1.31.2 0.8/11.2 0.4/1.212.5 1.2 1.81.2 1412 0.9
Active Area (mm?) 0.8 1.05 1.9 0.6 0.25 0.33 0.48 0.16 15 1.3
NF (dB) 2.6-3.9 3.1-47 2.1-25 2.11/4.428 27-36 1.9 25 43-76 5.5 6.5-12 10.8
6.5 6.7 177 45 84 6.6 59 6.4 10 9 14
Wil N () N/A AfIBWgr = 3.3 AfIBWgr =4 524 AfIBWgr = 3.1 AfBWgrr =5 AfIBWge =4 AfIBWge = 3.1 AfIBWrr = 6
In-band flatness Yes Yes No No Yes No No Yes Yes Yes No
BWrr (MHz) 180 150 20 0.2-160 160 30 80 18 260 30 5-20
Filtering-order ; } ) R R ; } . "
(dBldec) -60 -120 40 60 60 20 20 40 60 80 -60
RF Selectivity
(dB/dec) N/A -60 -20 -20 -20 N/A N/A -40 -20 -80 N/A
OB I1P (dBm) 75 226 5 9.8 10 1 26.1 19 21 23 30
s AfIBWge = 1.5 AfBWgr = 1.5 AfIBWge = 1.5 AfIBWee = 25 AfIBWge = 1.5 AfIBWge = 1.5 AfIBWee = 1.6 AfIBWge = 1.5 AflBWge = 1.5 AfIBWge = 1.5
70.4 82.7 48 30 50 35 7 70 82
GellPa( ) AfIBWgr = 1.5 AfIBWgr = 1.5 AfIBWgr = 1.5 AfIBWge = 25 AfIBWgr =15 AfIBWge =25 NA AfIBWgs =15 N/A AfIBWgr =8
-5 5 -5 8.5 0.5 7 3 10 12.1
ey AfBWre =35 | AfBWx: =35 N/A NIA AfIBWgs = 2.5 AfIBWss = 1.6 AfIBWgs = 3 AffBWss =2 AfIBWss = 4
LO Leakage (dBm) 90 76 85 N/A a7 NA N/A N/A N/A NA 5
at 1GHz
EVM (dB) -27.6% -26.3t N/A -25.3¢ -26.4% N/A N/A N/A N/A N/A N/A
0dBm Blocker EVM -24.3t
(dB) N/A AfBWee = 3.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A
74 96 58.5 14 6.5 143 216+ 21-31
Power (mW) HTmWIGHz | +25mWIGHz 68-95 23-49 +17.6 mWIGHz +37.2IGHz 18.5/GHz 18mWIGHz 78mwieHz | 100MWaliGHz | oonng

tLow noise mode, § Harmonic reject mode, £ loss of input balun excluded, ¥ Estimated from figure, 1 -60dBm 100MS/s 64QAM OFDM, § -60dBm 140MS/s 64QAM OFDM, ¢ -57dBm 80MS/s 256QAM.
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CHAPTER

A Sub-7GHz Linear Receiver for 5G Local Area
Base Station Applications

4.1 Introduction

New radios at low-band and mid-band frequencies are expected to remain
the backbone of the 5G mobile communication due to their low path loss, which
results in greater network coverage. As a result, the sub-6 GHz band of 5G new
radio has recently been extended to 7.125GHz [1]. Generally, the operating
frequency of wideband RXs is limited by the parasitic capacitors at the RF
nodes. In the proposed LNTA-based RXs, to achieve decent out-of-band linearity
performance, two different techniques are utilized. For user equipment RX, an
N-path notch filter is utilized in the LNTA feedback, and for base station RX, a
parallel preselect filter is placed at the RX input. However, as illustrated in Fig.
4.1 (a) and (b), utilizing these techniques introduces parasitic capacitors at the
LNTA input and output, limiting the operating frequency.

In local area base station applications, the in-band blocking scenario is more

This chapter is written based on an ISSCC 2023 contribution [108], and an extended version based on
this chapter has been accepted for publication at IEEE Journal of Solid-State Circuits [109].
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Parallel
Preselect
Filter

Figure 4.1: Proposed LNTA-based RXs with (a) N-path notch filter in the feedback of LNTA and
(b) parallel preselect filter at the RX input.

stringent than the microcell base station applications, in which the power of
the in-band blocker can be as high as -35dBm. Moreover, the RF bandwidth
of base-station RXs has been increased to 400 MHz for new radio bands above
3 GHz to meet the growing customer demand for higher data rates. Conse-
quently, achieving in-band linearity becomes a significant challenge for baseband
amplifiers in such high-bandwidth applications. Furthermore, despite the in-
crease in RF bandwidth for 5G applications, the offset frequency of close-in
blockers remains constant. For instance, in mid-band radios operating above 3
GHz, the offset frequency of close-in blockers is only 60 MHz [1]. To handle a
-15dBm close-in blocker at such a low offset frequency, the TTA must possess
two critical features. First, the TIA’s filtering should sufficiently suppress the
close-in blockers to prevent voltage clipping at its output. Second, the loop
gain of the TTA amplifier should be high not only within the 3-dB bandwidth
to handle the in-band blocker but also at the bandwidth edge to suppress
intermodulation between the in-band and close-in blockers.

Finally, in local area co-location applications, the RX should handle a -
4 dBm blocker from other standards such as GSM. Since the frequency of the
co-location far-out blocker is constant, the out-of-band rejection at the blocker
offset frequency is limited at the RX input due to the enhanced RF bandwidth of
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5G applications. Therefore, a new RF front-end scheme is needed to enhance the
3-dB bandwidth without compromising the out-of-band rejection and operating
frequency.

In this Chapter, an LNTA-based RX is proposed to tackle the above-
mentioned issues. Firstly, it employs a Rauch TIA to achieve a second-order
response and higher loop gain around the bandwidth edge, two crucial features
for high-bandwidth applications. A third-order impedance is also utilized in
the TTA feedback to further enhance the RX’s selectivity and suppress close-in
blockers. Moreover, one set of N-path notch filter switches is merged with
the down-converting switches to reduce the parasitic capacitance at the LNTA
output and enhance the RX operating frequency. Finally, by utilizing the input
impedance peaking of the TIA, we implemented a positive feedback technique
to elegantly enhance BWgrpr while achieving decent out-of-band linearity perfor-
mance. This Chapter is organized as follows: Section 4.2 calculates the in-band
linearity requirements of local area base station RX. Section 4.3 extensively
analyzes the Rauch TTA and compares it with the first-order TTA to demonstrate
its suitability for 5G applications. Sections 4.4 and 4.5 present the RF front-end
architecture and analyze the RX in-band linearity. Section 4.6 discusses the
circuit implementation of the proposed RX. The experimental results are shown
in Section 4.7, and Section 4.8 concludes the Chapter.

4.2 In-Band Linearity Requirement

According to 3GPP standard, the RX throughput must exceed 95% when
the input signal is a 50 MS/s QPSK signal with a power of -81.7dBm, and a
-35dBm 20 MS/s modulated in-band blocker is present at the passband edge [1].
To calculate the required in-band third-order intercept point (IIP3), the in-band
blocker is modeled with two -38 dBm tones (P, p), and the power of the third-
order intermodulation tones Prj3 is considered 10 dB below the desired signal
power to ensure 95% throughput with sufficient margin. The required IIP3 can
be derived as follows:

[IP3 > 15P;, 5 — 0.5P;3 — 11P3 > —11.15 dBm. (4.1)

Next, we estimate the minimum RX gain (Ggx min) required to ensure that the
quantization noise of the analog-to-digital converter (ADC) is 10dB below the
IM3 tones at the ADC input, preventing it from limiting the RX throughput.
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(a)

(b)

< J (.op=oou/A0

Figure 4.2: Block diagram of the (a) first-order TIA and (b) Rauch TIA.

Therefore,
PIM3+GRX,mm_ 10dB > F'S — 6n — 1.76, (4.2)

Where F'S is the full-scale input power of the ADC and n is the number of bits.
Assuming the use of a 12-bit ADC with F'S=+6dBm as in [50], Ggx min >
33.7dB is required. Thus, the required in-band OIP3 can be estimated as

OIP3 = I1P3 + Grxmin — OIP3 > 22.55dBm. (4.3)

4.3 Transimpedance Amplifier

As mentioned earlier, the TIA limits the in-band linearity performance of
current-mode RXs. Therefore, we compare two well-known TIA structures in
this section to identify the better candidate for 5G applications. Fig. 4.2 shows
the block diagrams of the first-order and Rauch TIAs [110]. Both TIAs use
feedback impedance, comprising Rr and Cr, to convert the input current to a
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baseband voltage, with Cjy placed at the TIA input to absorb the out-of-band
blocker current. Unlike the first-order TIA, the Rauch TIA includes an extra
series resistor, Ry, between the TIA input and its amplifier input. The values
of Rr and Cfy are chosen based on the gain and out-of-band blocker current
requirements and are kept the same for both structures to ensure similar area,
gain, and power consumption. We then compare the two structures in terms of
transfer function, input impedance, linearity, performance under PV'T variations,
noise, and DC offset with Cp adjusted to achieve the same 3-dB bandwidth
(w3qp) for both structures.

4.3.1 Transfer Function

Firstly, the transfer functions of both TIAs are calculated and compared.
The frequency response of the first-order TIA can be calculated as follows:
Vi R
2o = Iif T C cf Crn ’ (44)

where Vpp and Iy are the TIA’s output voltage and input current, respectively.
Furthermore, A(s) is the gain of the TIA amplifier and is given by:

Ao

A(s) = 14 5

(4.5)
where w, is the dominant pole of the TIA amplifier. Assuming that A(s) is
large enough across the 3-dB bandwidth, the transfer function is a first-order

response, and RpCr sets the 3-dB bandwidth. On the other hand, the transfer
function of the Rauch TIA can be calculated as follows:

Rp

Z r— )
21, sS2RiNCiNRrCr + s (R[N + RF) Cr+1

(4.6)

which shows a second-order low-pass response. Assuming Rrp > Ry, the
natural frequency (w,) and damping ratio (¢) can be calculated as:

1 RrCr
_1 . 47
¢ 2\ RinCrn (47)

1
. | 4.8
“ \l RinCINRrpCr (48)
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Figure 4.3: The simulated (a) transfer function and (b) input impedance of the first-order TIA and
Rauch TIA in MATLAB (first-order TIA: C;y = 10pF, Rp = 1.5kQ, Cr = 605 {F, and Ap=60dB;
Rauch TIA: C;ny = 10pF, Rjny =509, Rp = 1.5kQ, Cp = 720fF, and Ap=60dB) for different
unity gain bandwidths.

Moreover, the 3-dB bandwidth of the Rauch TIA is given by:

w3gp = wn\/l —2C2 4 \/(2<2 —1)°+1. (4.9)

Fig. 4.3 (a) compares the transfer function of the first-order and Rauch TTAs
with nearly identical components, except for R;y to achieve the same gain and
3-dB baseband bandwidth. Thanks to the complex conjugate poles of the Rauch
TIA, it exhibits a flat in-band gain and a second-order low-pass response, which
is desirable for 5G applications.

4.3.2 Input Impedance

Secondly, the input impedance (Z;y) of both structures is compared. Con-
sidering A(s) > 1, the input impedance of the first-order TIA is derived as
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follows:
Rp 1
Zing = : (4.10)
Als) shp(Cp+§5)+1
CF>>CIéV R 1 + wi
— 2 Zing & AF S PNt (4.11)
0

Hence, the input impedance of the first-order TIA consists of one zero, deter-
mined by the TIA amplifier’s dominant pole, and one pole at 1/RpCp. Typically,
1/RpCF also defines the TIA’s 3-dB bandwidth, wsgp. Consequently, as can be
gathered from (4.11), setting w, > wssp ensures that the TIA input impedance
remains approximately constant across the in-band frequencies.

As shown in Fig. 4.3 (b), in a desired scenario (w, > wsqp), Zrn,f remains low
and constant (i.e., Rp/Ay) across the 3-dB bandwidth. However, as discussed
earlier, to meet this condition with Ay > 60 dB, the unity gain bandwidth of the
TIA amplifier must exceed 200 GHz (w, = Ay - w,), which, if not impossible, is
a highly challenging and power-hungry requirement. A more realistic value for
w, is around 20 GHz, resulting in (w, < wsqp). Hence, Zry s remains Rp/Ag
near DC but begins to increase at w,, reaching its maximum at the bandwidth
edge. Beyond wssp, the input impedance becomes nearly constant due to the
pole created by Rp and C'r. At higher baseband frequencies, C';y dominates,
reducing Zry, s. Therefore, the input impedance of the first-order TIA is highly
sensitive to the TIA amplifier’s gain bandwidth and PVT variations.

The input impedance of Rauch TIA can be calculated by:

7 _ Rp SA(S)CFRIN +1
INr = A(S) s2RinCinRrpCr + s (R[N + RF) Cr+1

(4.12)

Due to its low-frequency zero at 1/(A¢CrR;n), even when (w, > wsap), Zinr
increases from Rp/Ap near DC to Ry || Rp = Ryn at the bandwidth edge. It
then drops by -20 dB/dec slope due to the complex poles at wsgp. This bandpass
behavior will later be leveraged to improve the selectivity and bandwidth of
the RF front end. Interestingly, as can be gathered from Fig. 4.3 (b), Zin,
is primarily determined by the passive components and is largely insensitive
to the amplifier gain and w,. However, since Zry, at the bandwidth edge
approaches R;y, the input impedance of the Rauch TIA can exceed that of the
first-order TTIA. Consequently, in LNTA-based RXs, designers must consider
potential in-band linearity degradation due to the increased load on the LNTA.
The impact of Rauch TTA impedance peaking on RX in-band linearity will be
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discussed later in this paper.

4.3.3 Linearity

Next, the linearity of both TIA structures is evaluated by comparing their
input/output voltage swing and the loop gain. As shown in Fig. 4.3 (a), the
in-band transfer functions of both TIAs are nearly identical. The output voltage
swing of the TIA amplifier is —RpI;x for both, resulting in a corresponding
input voltage of Rpl;n/A(s). Therefore, the input and output voltage swings
of the TTA amplifiers are the same for in-band input signals.

Another key factor influencing the TIA’s in-band linearity is loop gain. The
loop gain of the first-order TTA is calculated as follows:

—Rrin Ay sRprCr +1
Ryrin + Rp 1+ fp sRp || RyizCrn + 17

LG = (4.13)

where R/, is the impedance seen from the baseband port of passive mixers
towards the RF front end. The loop gain has two poles (w, and 1/(Rp ||
RizCrn)) and one zero (1/(RpCr)). As discussed earlier, in most practical
cases, w) lies within the 3-dB bandwidth, acting as the dominant pole and
decreasing the loop gain with a -20dB/dec slope. Unfortunately, the second
pole, 1/(Rp || RaizCrn), typically lies below wsgp, since Cry is much larger
than Cr to absorb far-out out-of-band blocker current. Consequently, the loop
gain experiences -40 dB/dec roll-off at the passband edge due to the second
pole. Eventually, the zero at the bandwidth edge increases the slope back to
-20dB/dec, improving TTA’s stability [90]. As can be gathered from Fig. 4.4,
TIA in-band linearity is expected to worsen at the passband edges due to the
significant drop in loop gain. Reducing C7y shifts the second pole to higher
frequencies, thus increasing the loop gain at the passband edges. However, Ciy
also absorbs the out-of-band blocker currents. Hence, reducing Cy increases
the blocker swing at the baseband port of passive mixers, which degrades the
out-of-band linearity performance of LNTA and passive mixers. This issue
creates a trade-off between in-band and out-of-band linearity.
The loop gain of the Rauch TTA is derived as:

1G o Ttuic Ay S*RinCinRrCr + s (Riv + Rp) Cp + 1

~ . 4.14
Ryie + R 1+ wip (SRF H Ry Crn + 1) (SR[NCF + 1) ( )

The loop gain of Rauch TIA has three poles and two zeros. The first two poles
wp and 1/(Rp || RaizCrn) are the same as those in the first-order TIA, while the
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Figure 4.4: Bode plot of simulated loop gain for the first-order and Rauch TIAs.

third pole, 1/(R;nCF), is located far from the bandwidth edge. Consequently,
the in-band response of the Rauch TIA’s loop gain is similar to that of the
first-order TIA. However, as illustrated in Fig. 4.4, the Rauch TIA loop gain also
has two zeros at the bandwidth edge, which flatten the loop gain at the close-in
out-of-band frequencies. This higher loop gain at out-of-band frequencies helps
suppress intermodulation between in-band and close-in blockers, which can fall
within the 3-dB bandwidth and degrade RX performance. Consequently, the
Rauch structure exhibits better linearity performance in the presence of blockers
compared with the first-order TTA.
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Figure 4.6: Simulated loop gain of the TIA.
The loop gain in the flat region can be estimated by:
w R[NCF w RINCF
| LG prar]= Ao - —- - = - (4.15)
W, RrCrn Wn RrCrn
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Figure 4.7: (a) Comparison between linearity performance of the first-order TTA and Rauch TIA;
(b) Effect of increasing Ry and reducing Cyy on the linearity performance of the Rauch TIA; (c)
Comparison between the output noise of the first-order TIA, conventional Rauch TITA, and the
modified Rauch TIA with an active third-order high-pass filter in its feedback.

At first glance, the simplest way to increase the loop gain in the flat region
is by raising w, and lowering w,. However, enhancing w, increases the power
consumption, and technology limitations will eventually impose a cap. Addition-
ally, reducing w,, necessitates a smaller { to maintain the same 3-dB bandwidth
(see (4.9)), which can cause stability issues. Therefore, adjusting R and C is a
more effective way to increase loop gain in the flat region. To maintain ¢ and
wp, the feedback and input RC constants (RpCr and R;yCry) must remain
constant. Since Rp is set by the gain requirement of the RX chain, the only
remaining adjustable parameters are R;y and Cyy. Thus, to increase loop gain
in the flat region while keeping the TTA transfer function constant, R;y must be
proportionally increased and Cy reduced. Note that increasing Rjy raises the
input impedance of the Rauch TIA, which degrades the linearity performance
of LNTA. The effect of increasing R;y on the LNTA and RX linearity will be
discussed later in this paper.
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Figure 4.8: Simulated OP1dB of the first-order TIA and Rauch TIA at the passband edge.

Finally, the first-order TIA and Rauch TIA are simulated in Cadence using
the same components used in the simulations presented in Fig. 4.3. As shown in
Fig. 4.5, a three-stage operational transconductance amplifier (OTA) is designed
as the TIA amplifier to achieve the desired loop gain and meet the in-band
linearity requirements. Following the approach in [52], each stage of the OTA is
constructed using inverters, with the detailed sizing of these inverters provided
in Fig. 4.5. Common-mode feedback (CMFB) circuits [21] are placed at the
output of each stage to ensure that each inverter is biased near the supply rail
midpoint, ~ Vpp/2. To ensure OTA stability, two compensation techniques are
employed: Miller compensation, which sets the dominant pole, and feedforward
compensation, which introduces a high-frequency zero to counterbalance the
second pole and maintain a sufficient phase margin. The simulated loop gain
of the TIA is depicted in Fig. 4.6, where the worst phase margin is 73°, and
increasing R;y enhances the loop gain at the bandwidth edge.

Then, two tones (f; and fy) are applied at the input, with the third-order
intermodulation term (IM3) falling within the desired band. The first tone (fi)
is placed at the bandwidth edge (i.e. 200 MHz), while the second tone (f; is
swept across the close-in blocker range. As shown in Fig. 4.7 (a), the Rauch
TTA offers 7dB better linearity performance than the first-order TTA, thanks to
its selectivity and higher loop gain. Moreover, Fig.4.7 (b) shows the effect of
increasing R;y on the linearity performance of the Rauch TIA, resulting in a
5dB improvement in linearity performance. However, as shown in Fig. 4.8, the
simulated output 1-dB compression point (OP1dB) at the bandwidth edge of
the Rauch TTA is slightly lower than first-order TIA (12.6 dBm compared to
13.3dBm).
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Figure 4.9: Monte Carlo simulation results showing the statistical variations in the 3-dB bandwidth
of (a) First-order TIA, and (b) Rauch TIA.

4.3.4 Performance over PVT Variations

To evaluate the impact of process, voltage, and temperature (PVT) variations
on the performance of the first-order and Rauch TIAs, a Monte Carlo simulation
was conducted with global variations across 200 sample points. Since both TIA
structures use identical feedback resistors, their transimpedance gains exhibit
the same statistical distribution, with a standard deviation of 0.7 dB.

As can be gathered from (4.4) and (2.27), and illustrated in the simulation
results in Fig. 4.9 (a) and (b), the 3-dB bandwidth of both TIA structures
is sensitive to PV'T variations. The first-order TTA demonstrates a slightly
higher standard deviation in bandwidth (23.9 MHz) compared to the Rauch TIA
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Figure 4.10: Normalized transfer function of Rauch TIA under extreme statistical corners.

(21.1 MHz), although both have an average 3-dB bandwidth of approximately
200 MHz. Consequently, calibration is required for both TIAs to maintain the
desired 3-dB bandwidth.

To further assess the filtering behavior of Rauch TIA under extreme PVT
conditions, four statistical corners were defined based on the highest and lowest
bandwidth values observed in the Monte Carlo simulation. Fig. 4.10 shows
the normalized transimpedance gain of Rauch TIA to compensate for gain
variations across these corners to enhance visualization. As indicated by (2.26)
and confirmed in Fig. 4.10, the filtering shape and slope of Rauch TIA remain
largely unaffected by PVT variations, since the damping ratio depends on the
resistors and capacitors ratios.

4.3.5 Noise

In the next step, the output noise of the first-order and Rauch TIAs is
estimated and compared. As shown in Fig. 4.2, the TIA amplifier, Rp, and
Ry noise are modeled with vy, 4, v, rr, and v, rrn, respectively. The output
noise of first-order TIA can be calculated as follows:

2 2 F Mix“IN 2 4.16
_ 1+ . + RF |57 . _~ P : :
Unbb Un’ ( RMZJJ SCFE F + 1 ) Un’ (1 + SCF15F> ( )

The Rp noise is low-pass filtered and directly appears at the TIA output. The
noise transfer function of the TIA amplifier has one zero and one pole. Since
the zero created by Cjy and Ry, is within the 3-dB bandwidth, the noise of
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Figure 4.11: Simplified model for DC offset analysis of (a) the first-order TTIA and (b) the Rauch
TIA.

the TTIA amplifier increases after the zero frequency. Then, the TIA output
noise becomes constant at the bandwidth edge due to the pole formed by Rp
and Cp (see simulation results in Fig. 4.7 (c)). Additionally, the overall TTA
output noise improves with a larger Rys;;.

The output noise of the Rauch TIA is derived as follows:

o - Rp sRariCrn + 1
nbb — Yn,A"
RMm: $?RinCinCpRp + sCrRp (1 + 7 ﬁf%NMZJ +1
2
+ 02 1
m,RF 2R nCrnCr R CrRp(1+ By )11
s*RinCinCrRp + sCpRp (1 + 7 — ) +
2
R sRyizCrn + 1

+Ur21,RIN' - e 1D

Rrig SQRINC]NCFRF + sCrRp <1 + Rpﬁ%\zzma) +1

Similar to the first-order TIA, the zero formed by C;y and R, increases the
in-band noise of Rauch TIA. Beyond the bandwidth edge, the noise contributions
from all components decrease due to the presence of two complex conjugate
poles in their respective noise transfer functions. However, as can be observed
in Fig. 4.7 (c), compared to the first-order TIA, the Rauch TTA includes an
additional noise source, Ry, which degrades its overall noise performance.
Consequently, there is another trade-off between noise and linearity of the
Rauch TIA: increasing R;y improves its loop gain and in-band linearity but
degrades its output noise.
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Figure 4.12: Current-mode RX utilizes the Rauch TTA with (a) conventional RF front-end and (b)
proposed RF front-end.

4.3.6 DC Offset

In current-mode RXs, the TTA is the primary contributor to overall DC offset
performance, making it crucial to analyze the DC offset transfer function for
both first-order and Rauch TIA configurations. Fig. 4.11 shows the simplified
model for DC offset calculations, where the TIA amplifier’s DC offset is modeled
as a voltage source, v, 4, and all capacitors are removed, as they act as open
circuits at DC. Notably, the DC offset transfer function for both TIAs is the
same and can be calculated by

R
DCoffset = Vps,A (1 + F ) . (418)
Rsia

Therefore, increasing ;. helps reduce the gain of the TIA amplifier DC offset.

4.3.7 Discussion

While the in-band noise of the Rauch TTA is higher than that of the first-
order TTA, this issue can be mitigated by utilizing an LNTA to relax the TIA’s
noise requirements. The Rauch TIA also has a higher input impedance, which
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Figure 4.13: The equivalent model of the RF front end of the preliminary RX structure in Fig. 4.12 (a).

could raise concerns about the potential degradation of in-band linearity in
LNTA-based RXs. However, as will be demonstrated later in this paper, this is
not the case. Notably, the Rauch TIA provides better selectivity and higher
loop gain at the bandwidth edge, which are key advantages for handling close-in
blockers in 5G applications. Therefore, this work employs Rauch TIA to leverage
its superior selectivity and loop gain characteristics.

4.4 Proposed RF Front-End

As can be gathered from (4.13) and (4.14), the TIA loop gain is limited
by the impedance observed from the baseband port of passive mixers towards
the RF front end, denoted Rjs;,. In mixer-first RXs, Ry, is constrained by
both the antenna impedance (50(2) and the large parasitic capacitors of passive
mixers. To address this, we incorporate an LNTA that offers a higher output
impedance than the antenna and alleviates parasitic capacitance at the LNTA
output by allowing for reduced sizes of the down-converting passive mixers.

4.4.1 Expanding RX Operating Frequency

Fig. 4.12(a) presents a preliminary block diagram of the proposed RX
consisting of an LNTA and the Rauch TIA. An N-path notch filter is placed
in the LNTA feedback to achieve RF selectivity at the RX input [45,69-75,78,
79,81,85,88,99,100]. However, two switch sets at the LNTA output —one for
the N-path notch filter and another for the down-converting passive mixers—
increase the total parasitic capacitance at the LNTA output (denoted as C,;).
This parasitic capacitance, in combination with the LNTA output resistance,
creates a pole that limits the operating frequency of prior-art LNTA-based RXs
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Figure 4.14: Comparing the RX far-out front-end rejection. Blue and red curves are simulated using
the conventional structure with an N-path notch filter in the LNTA feedback, and the orange one
employs the proposed structure.

to below 6 GHz [45,69-75,78,79,81,85,88,99,100]. To enhance the RX operating
frequency, Fig. 4.12 (b) combines the two switch sets into one [97,111], reducing
Cpar and allowing the pole to shift beyond 8 GHz.

4.4.2 3-dB Bandwidth Expansion

The 3-dB bandwidth of the preliminary RX structure in Fig. 4.12 (a) is limited
at its input node. Due to the transparency of passive mixers, the capacitors
in the N-path notch filter are upconverted to the RF domain. As a result, the
N-path notch filter can be modeled as a bandpass-shaped impedance in the RF
domain, as illustrated in Fig. 4.13 and discussed in [70]. Therefore, the RX
input bandwidth is governed by the Miller effect of N-path notch filter (Chsijer)
and the antenna resistance (Rg) , which can be estimated as follows:

2 2

BW - ~ )
T ReCritter Re Ay, inTaMCy

(4.19)

where 7 and M represent the unit capacitor of the N-path notch filter and the
number of the local oscillator (LO) phases, respectively. A, y74 is the LNTA
voltage gain and can be approximated by G,,Zgrp(f), where G, is the LNTA’s
transconductance and Zrp(f) is its load. For 5G new radios, the RF bandwidth
reach up to 400 MHz for operating frequencies above 3 GHz, necessitating a
reduction in C] to increase the bandwidth. However, simulation results in Fig.
4.14 show that reducing C; from 2.3 pF to 1.15pF to boost the RF bandwidth
from 200 MHz to 400 MHz leads to a 4 dB degradation in out-of-band rejection
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Figure 4.15: Effective Miller capacitor versus the baseband frequency.

at a specific far-out offset frequency from the LO frequency. This degradation
may impact RX performance in base station co-location applications where a
-4 dBm blocker is present.

This work leverages the bandpass-shaped input impedance of the Rauch TIA
to enhance the RF bandwidth without compromising the out-of-band rejection
and linearity. To achieve this, a positive feedback branch, consisting of an
amplifier (A.) and a series capacitor (C3), is introduced in parallel with C7, as
depicted in Fig. 4.12 (b). This technique modifies the Miller capacitor at the

RX input to:
Critter = M-(1 4+ G Zrr (f)) C1 + (1 — G Zrr (f) Ac) Cs). (4.20)

At low baseband frequencies, the input impedance of Rauch TIA is Rp/ Ay,

which effectively reduces Zrr and undermines the impact of positive feedback.

Hence, as shown in Fig. 4.15, the equivalent Miller capacitor is at its maximum,
M (Cy + Cy). As the frequency increases, the input impedance of the Rauch
TTA starts to rise towards R;y, enhancing the effect of the positive feedback
path. At the passband edges, Zzpr can be approximated by R;y/M, leading to
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Figure 4.16: Gain of positive feedback amplifier across (a) process, (b) supply, and (c) temperature
variations.

the following approximation for the Miller capacitor:
Chsitier = M x (C1 + Cy) — G Ry (ACo — ). (4.21)

Therefore, as shown in Fig. 4.15, the proposed positive feedback structure
reduces the Miller capacitance at the bandwidth edge, thus flattening the RX in-
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Figure 4.17: Simulated RX gain for the worst-case scenarios of A..

band response and expanding the RX bandwidth. At out-of-band frequencies, as
can be inferred from (4.12), the input impedance of the Rauch TIA decreases due
to the presence of its poles, which diminishes the effect of the proposed positive
feedback. As a result, the Miller capacitance increases at far-out frequencies,
returning to M(Cy + C3). This behavior enhances the out-of-band rejection
and improves the filtering roll-off of the proposed RX. Fig. 4.14 demonstrates
that, compared to the conventional structure, the proposed positive feedback
effectively boosts the 3-dB bandwidth, flattens the in-band response, increases
roll-off, and maintains out-of-band rejection. Additionally, the noise and linearity
requirements for the added amplifiers are relaxed, as their inputs are connected
to the TIA virtual ground, and their noise experiences bandstop filtering when
appearing at the RX output.

4.4.3 Impact of PVT-induced Variations of Positive Feedback Amplifier

As can be gathered from (4.21), an increase in the gain of the positive
feedback amplifier, A., due to PVT variations can cause the Miller capacitance
to become negative at the bandwidth edges, potentially leading to stability
issues. To evaluate this, the amplifier gain, implemented with a self-biased
inverter, was simulated under various PVT conditions, as shown in Fig. 4.16.
For the nominal corner, the simulated gain is 14.2 dB, with a 3-dB bandwidth
exceeding 500 MHz. The PVT-induced gain variation is limited to +0.6 dB, as
PVT variations affect both transconductance and output resistance in opposing
directions, keeping the overall gain stable.
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Figure 4.18: A simplified model of the proposed RX for in-band linearity analysis.
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Figure 4.19: (a) Transistor-level implementation of the LNTA; (b) Small signal model of the LNTA.

To evaluate worst-case scenarios, A, was intentionally varied by £1.8dB in
the RX chain gain simulations. As shown in Fig.4.17, these variations result
in only +0.6 dB change in RX gain peaking. Thus, PVT-induced variations in
A, do not cause stability issues. Moreover, the resulting RX gain peaking can
easily be compensated by adjusting Cl.

4.5 RX In-Band Linearity

In this section, we analyze the in-band linearity of the proposed receiver. Fig.
4.18 presents a simplified RX model, which consists of three cascaded blocks:
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Figure 4.20: Simulated and calculated in-band linearity of the (a) LNTA, (b) TIA, and (c) proposed
RX.

the LNTA (L), the passive mixers (P), and the TIAs (T'). Note that the on-
resistance and nonlinearity of the passive mixers are neglected in this analysis,
as the LNTA and TIAs are considered the primary sources of nonlinearity.
Moreover, since the in-band linearity is analyzed in this section, the nonlinearity
of LNTA and TIAs is assumed to be frequency-independent across the desired
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bandwidth. We will first analyze the nonlinearity of the LNTA and TTAs
individually, following the methodology established in [112]. Subsequently, we
will calculate the overall nonlinearity of the RX chain.

4.5.1 LNTA

The LNTA has two main nonlinearity sources: the nonlinearity of its transcon-
ductance and its output resistance. Assuming a cubic relationship between the
LNTA output voltage and the input voltage (V;y), the LNTA output current

(Igrr) can be derived by applying Kirchhoff’s Current Law (KCL) at the LNTA
output. By neglecting higher-order harmonics, we obtain

To r
(gm3 + Go3 (9m1ZL)3) ‘/[3]\], (422)

Ipp=——"— "¢,V __ o
RF Zrp + 74 Im1VIN Zrp + 1

where g,,1 and r, are the equivalent LNTA’s transconductance and output
resistance, respectively, while Z;=r, || Zrp is the LNTA’s load. Moreover, as
illustrated in Fig. 4.19 (b), g;n3 and g,3 correspond to the third-order nonlinearity
of the LNTA’s transconductance and output conductance.

As inferred from (4.22) and discussed in [113], the nonlinearity of Zzp may
induce nonlinear RF-domain current at the LNTA output. At low offset fre-
quencies, Zgrp is significantly smaller than r,, making the nonlinear current
contribution of Zgzp negligible. As the offset frequency increases, the input
impedance of the Rauch TTA approaches Ry, which is linear and almost inde-
pendent of the TTA amplifier’s nonlinearity. Consequently, the input impedance
of the Rauch TIA does not induce nonlinear RF current, leaving the nonlinearity
of the LNTA as the dominant source of nonlinear RF current.

The first-order and third-order Volterra kernel transforms can then be derived
as:

To

1 (] 1) ZRF(jwl) Y gmi ( )
L ( . . . ) TO <
Wi, JWa, JwWz ) = — . . . 1 Ym
3 VR J8, IS Zrr(jwi + jws + jws) + 1, Jm3
+ 903 - (gmlzL (jwl)) : (gmlzL (jWQ)) : (gmlzL (ng))>, (4-24)

where L1 and L3 represent the linear and third-order nonlinear terms, respectively.
When two in-band tones with amplitudes of A and frequencies of w; and ws
are applied to the RX input, the third-order inter-modulation (IM3) tones
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Table 4.1: The summary of extracted linearity parameters of LNTA and TIA amplifier last stage.

Om1 Om3 Jo1 Jo3
125m | 270m | 16m 1m

TIA Amplifier | 9mt! gmt3 Jott got3
LastStage | 20m | 20m | 1m | 01m

LNTA

in the LNTA output current occur at 2w; — wy and 2wy — wy. Using (4.24),
the amplitude of IM3 tones can be calculated as 3/4A% Ls(jwi, jwi, —jws)|
and 3/4A%|L3(jwa, jws, —jwi)|. The IIP3 of the LNTA is then estimated by

VAL1/3Ls.

As shown in Fig. 4.19 (a), the LNTA is implemented using a self-biased
inverter with low-voltage threshold (LVT) devices of minimum channel length
to minimize parasitic capacitance at the RX input. A 5002 shunt resistive
is also used to bias the transistors in saturation. By sweeping the input and
output voltages, the output current variation is simulated to estimate the
transconductance and output conductance nonlinearity. The resulting linearity
parameters are summarized in Table4.1. The values of ¢,,3 and g, 3 are then used
to calculate the LNTA’s I1IP3. Fig. 4.20 (a) shows the simulated and estimated
ITP3 of LNTA at the bandwidth edge versus Ry, in which increasing R;y from
50 Q2 to 200 €2 results in only a ~1.3dB IIP3 degradation.

4.5.2 TIA

Next, the nonlinearity of the Rauch TIA is analyzed by decomposing the
TIA (T') into two main components: the feedforward path (H) and the feedback
path (F), as outlined in [112]. As shown in Fig. 4.21 (a), to calculate H, F', and
T, the amplifier and feedback impedance are modeled as follows: The feedback
current is represented with two current sources at the TIA input, while Rp
and Cp are placed at the TIA input and output to account for their loading
effects. Additionally, the TTA amplifier is also modeled with two cascade stages:
Ay and G. A simplified system model of the Rauch TIA is then developed, as
illustrated in Fig. 4.21 (b). Using this model, we first calculate the Volterra
kernel transforms of the feedforward and feedback paths, and finally, derive the
Volterra kernel transforms of the overall TTA.
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Figure 4.21: (a) Simplified schematic of the Rauch TIA to account for Rr and Cr loading effects;
(b) Equivalent approximated model of the Rauch TIA.

4.5.2.1 Feedforward Path

Miller compensation is usually used within A,; for stability purposes, setting
the dominant pole of the TIA amplifier, w,. A, is frequency-dependent for
in-band signals since w, < wsqp, as discussed earlier. However, due to the low
voltage swing at the TIA input, A,; remains linear and does not contribute to
TTA nonlinearity. Furthermore, Rr and Cr have negligible loading effects on G,
making G frequency independent for the in-band signals. Because of the large
voltage swing at the TIA output, G is the primary source of nonlinearity in
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the TIA, with two main nonlinearities stemming from its transconductance and
output resistance. The Volterra kernel transforms of G can be calculated using
the same procedure used for the LNTA:

G = —9mt1Totl (4-25)

Gy = — ((gﬂ”ﬂtl?“mtl)3 Got3 + Gmt3) Tot1 (4.26)

where g (gmes) and g1 (gor3) represent the linear (third-order nonlinearity)
components of the transconductance and output conductance of the amplifier’s
final stage, considering a small-signal nonlinearity model similar to that shown
in Fig. 4.19 (b). Considering the model in Fig. 4.21 (b), the Volterra kernel
transforms of the feedforward path are calculated using (4.25) and (4.26),

Hi(jw) = —G1An(jw) Zp(jw), (4.27)

Hs(jw, jws, jws) = —Gs(jwr, jws, jws)-
A (Jun) Zpp(jw1)Av1(Jw2) Zpp(jwa) Avi (Jws) Zea(jws), (4.28)

where Zpp(s) is defined by

JwRp || RyrizCrn + 1) (jWRINCF + 1)'

Zpp(jw) = ( (4.29)

4.5.2.2 Feedback Path

Since the feedback path only consists of passive elements, it is linear and does
not contribute to the TTA’s nonlinearity. Therefore, the third-order Volterra
kernel transform of the feedback path is 0, and its first-order Volterra kernel
transform is

—sz]NC]NRFCF + Jw (R]N + RF) Cr+1

Fi(jw) = —
1(jw) Ry

(4.30)

4.5.2.3 Overall TIA

To calculate the Volterra kernel transforms of the TIA, the gain reduction
factor of the TIA loop must first be derived:
1 1

RO) = G R Ge) ~ 1+ LGGw) 43
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where LG is given by (4.14). The first-order Volterra kernel transform of the
Rauch TTA is
H,(jw)

T (jw) = Hi(jw)R(jw) = 14+ H(jw)F(jw)

(4.32)

Assuming the TTA amplifier has a high voltage gain, (4.32) simplifies to 1/ F (jw),
as given in (4.6). Finally, the third-order Volterra kernel transform of the Rauch
TIA can be derived as follows:

Ts(jwn, jws, jws) =R(jwi)R(jwa)R(jws) - H3(jwi, jwa, jws)
- R(jwi + jwa + jws). (4.33)

When two input currents at w; and ws are applied to the TIA input, two IM3
tones are generated at 2w; — wo and 2ws — wy. Assuming the input current
amplitude is 7, the IM3 tones have amplitudes of 3/41°|T3(jwr, jwi, —jws)| and
3/41°|T3(jwa, jws, —jw1)|. After replacing (4.31) into (4.33), the third-order
Voltera kernel transform for the in-band IM3 tone (2w; —ws) can be recalculated:

1 1 !
3(Jwi, jws, jws) =1 + LG(jw) 1+ LG(jwi) 14 LG(—jws)

1
14 LG(jwy + jwr — jws)

Hj(jwr, jwa, jws) - (4.34)
Thus, enhancing the loop gain at the frequencies of the blockers and IM3 tones
improves the in-band linearity performance of the TTA.

Similar to the LNTA, the values of g,,:3 and g3 for the TIA are estimated
by monitoring the output current of the last stage of the Rauch TIA while
sweeping its input and output voltages. The simulated results are summarized
in Table4.1. These values are used to calculate the TIA’s ITP3. Fig. 4.20 (b)
shows the simulated and estimated IIP3 of TIA at the bandwidth edge versus
Rin, where increasing Ry from 50 €2 to 200 €2 improves IIP3 by 5dB, aligning
well with TIP3 calculations (1/4771/3T5). Note that the values of Rp, Cin, C,
and Rjy are similar to those used in Fig. 4.3 with C'r slightly adjusted for 3-dB
bandwidth tuning.

4.5.3 RX Chain

As mentioned earlier, the entire RX chain can be viewed as a cascade of the
LNTA, passive mixers, and TIAs (see L, P, and T in Fig. 4.18). P is a linear
gain block, and the differential gain of the passive mixers is 2/Msinc(1/M).
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Figure 4.22: The proposed RX block diagram.

Thus, I;x in Fig. 4.21 (a) equals to 2/Msinc(1/M)Igp. Considering this point,
the IIP3 of the RX chain (Arrp3 rx) can be calculated as follows [114]:

1 1 (%sinc(ﬁ)Ll)Q

yE =1 yE : (4.35)
IIP3,RX IIP3,LNTA IIP3TIA



122 A SuB-7TGHz LINEAR RECEIVER FOR 5G LocAL AREA BASE STATION APPLICATIONS

where Arrps nra and Arrpsrra are the IIP3 of the LNTA and TIA, respectively.
Fig. 4.20(c) shows the simulated IIP3 of the RX chain where increasing
Ry enhances the IIP3 by 4 dB, which closely matches the 5dB improvement
predicted by (4.35). However, a 3.8 dB discrepancy exists between the simulated
and calculated RX ITP3 values. To simplify our analysis, we neglected the
second-order nonlinearity of the TIA and LNTA. This decision is based on the
fact that the TIA functions as a pseudo-differential circuit, while the LNTA
is implemented using a single inverter-based amplifier, where the second-order
nonlinearity can be minimized through careful sizing of the NMOS and PMOS
devices [115]. However, it is important to note that the second-order nonlinearity
is not completely eliminated. As discussed in [112], the interaction between the
second-order nonlinearities of two cascaded blocks contributes to third-order
nonlinearities, leading to a mismatch between the calculated and simulated I11P3
values. One approach to mitigate the second-order distortion is to add an AC
coupling capacitor between the LNTA and the passive mixers. This capacitor
would allow the signals at the operating frequency to pass through while blocking
the second-order intermodulation tones at lower frequencies. Simulation results
show that adding this capacitor improves the in-band linearity of the RX by
approximately 2dB, bringing the simulation results closer to the calculated
values. However, to pass the desired signals at the lowest operational frequency of
0.4 GHz, the AC coupling capacitor would need to be relatively large. This would
introduce significant parasitic capacitance at the LNTA output, which could
degrade the RX’s operating frequency and noise performance. Consequently,
despite the resulting degradation in linearity, we chose not to include this
capacitor in the design in order to preserve the operating frequency.

4.5.4 Discussion

In this section, we analyzed the impact of increasing R;y and reducing Cry
on the linearity performance of the RX. An increase in R;y degrades the in-band
linearity of the LNTA but improves the in-band linearity of the Rauch TIA.
Since the RX’s overall in-band linearity is mainly limited by the Rauch TIA,
increasing R;y enhances the RX’s overall linearity. However, it is important to
note that in advanced CMOS technologies with supply voltages below 1V, the
nonlinearity degradation of the LNTA could dominate, potentially outweighing
the improvement achieved in the Rauch TTA.
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Figure 4.23: Monte Carlo simulation results of DC offset at the RX output.

Table 4.2: The tunable range of the utilized key components of the proposed RX.
Cs C: Cin Rin Cr Rr
2.3-9.2 pF | 0.19-1.5 pF | 2.3-34.4 pF | 50-200 Q |0.24-1.44 pF| 0.4-1.6 kQ

4.6 Circuit Implementation

Fig. 2.17 shows the complete block diagram of the proposed RX. All key
parameters of the proposed RX (Cy, Cs, Crn, Ry, Cp, and Rp) are tunable
and can be controlled via the Serial Peripheral Interface (SPI). The tunable
ranges for these parameters are summarized in Table 4.2.

The input signal is converted into an RF current by the LNTA, which is then
down-converted by 4-phase passive mixers, and the TIAs eventually convert it
to baseband voltages to generate in-phase (I) and quadrature (Q) signals. To
achieve input matching, the output voltages from the TIAs are upconverted
to the RF domain, combined, and then applied to the RF input of the RX
via the matching resistor and capacitor (R,, and C},). A -1 multiplication in
the translational feedback network ensures the stability of the input matching
loop [65]. The passive mixers are implemented using NMOS transistors, with
their dimensions shown in Fig. 2.17. Additionally, similar to the LNTA in Fig.
4.19 (a), the positive feedback amplifier is realized with a compact self-biased
inverter. However, smaller devices are employed in the positive feedback amplifier
(PMOS:9.4 pm /40 nm, NMOS:4 pm/40nm) to reduce power consumption. A
10 k(2 feedback resistor is used to bias the amplifier and slightly attenuate its gain,
preventing stability issues. At the in-band frequencies, the series capacitor (Cy
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Figure 4.25: Active implementation of the differential inductor.

in Fig. 2.17) presents high impedance, ensuring that the noise and nonlinearity
of the positive feedback amplifier do not degrade the RX performance.

Fig. 4.23 shows the simulated DC offset of the proposed RX using PSS
analysis in cadence. The simulated standard deviation of DC offset is 9.2mV at
the RX output. Due to the relatively low DC offset, analog domain cancellation
is unnecessary. While it may slightly reduce the dynamic range of the off-chip
ADC, DC offset cancellation can be efficiently handled in the digital domain.

In the proposed RX, a differential off-chip LO signal is first buffered and then
passed through a divide-by-two stage to generate the 4-phase non-overlapping
LOs. The detailed schematic of LO generation block is shown in Fig. 4.24.
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Figure 4.27: Effect of the active inductor on the simulated RX in-band IIP3.

Two cascaded flip-flops [70] are utilized to generate four 50% duty cycle clocks.
These clocks are then resampled with the buffered input clocks to produce 25%
non-overlapping LOs, which drive the passive mixers.

As mentioned earlier, one of the main challenges in 5G applications is
the presence of close-in blockers, which necessitate sharp filtering. In this
work, a third-order high-pass filter is placed in parallel with the Ry to further
increase the selectivity of the Rauch TTA (highlighted in blue in Fig. 2.17). To
implement the baseband inductors for the high pass filter, the ground ports
of the inductors, driven by complementary LOs, are connected and replaced
with a single inductor. The resulting inductor is realized using a gyrator with
a capacitor load, as shown in Fig. 4.25. The inverters in the active inductor
are implemented using large-channel devices to minimize the undesired series
resistance of the active inductor [100]. Like Nauta’s cell [101], four extra inverters
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Figure 4.28: Die micrograph and power consumption breakdown at fro =3 GHz.

are used at the gyrator output to ensure the transistors remain in saturation.
Fig. 4.26 shows that the TTA’s transition slope increases to -18 dB/oct with
the third-order high pass filter. However, due to the limited bandwidth of the
gyrator, the filtering order reduces to second-order at far-out offset frequencies.
Note that the nonlinearity and noise generated by the active inductor appear
at the TIA output after undergoing high-pass filtering, which helps relax its
noise and linearity requirements. To assess this effect, two RX schematics were
simulated in Cadence: one with the active inductor and the other with an ideal
inductor. Two in-band tones were applied to the RX (f1 = fro + frr and
fo= fro+ fir — 10 MHz), with fip swept across the 3-dB bandwidth. As
shown in Fig. 4.27, the degradation in in-band linearity is minimal throughout
most of the bandwidth, with only a 0.2dB reduction at the bandwidth edge.
Additionally, as illustrated in Fig. 4.7 (c), the active inductor causes a 0.5dB
increase in the output noise of the Rauch TIA.
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Figure 4.30: Measured (a) NF and (b) LO leakage across the operating frequency.

4.7 Measurement Results

The proposed RX is implemented in TSMC 40-nm Bulk CMOS technology.
Fig. 4.28 shows the die micrograph of the proposed RX, with the chip’s core
area and active area measuring 1.3mm? and 0.4 mm?, respectively. The RX
consumes between 105.2 and 194.9mW from a 1.3-V supply while operating
over a frequency range of 0.4 to 7.3 GHz. The power consumption breakdown
at 3 GHz LO frequency (fro) is depicted in Fig. 4.28.

Fig. 4.29 (a) shows the measured gain versus the operating frequency, with
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Figure 4.32: (a) Improving the measured in-band OIP3 by increasing R;y and reducing Cry; (b)
Impact of increasing Ryy and reducing C7x on the RX in-band gain transfer function.

a gain of 38.5dB at low LO frequencies, and 35.8dB at high LO frequencies.
Due to the parasitic capacitors, the measured RF bandwidth is about 300 MHz,
compared to the desired 400 MHz. The filtering order of the proposed RX is
better than -60 dB/dec. Fig. 4.29 (b) shows the measured in-band Sj;, which
remains below -10 dB across the 3-dB bandwidth and operating frequency. The
measured NF, shown in Fig. 4.30 (a), is 3.2dB at frpo =1GHz and increases to
5.8dB at frp=7GHz. The measured LO leakage is -80 dBm at the lowest LO
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Figure 4.33: (a) Reduction of IM3 generated by in-band and close-in blockers through increasing
R;n and reducing Cypy; (b) Measured ITP3 versus the offset frequency.

frequency, and increases to -50 dBm at the highest LO frequency, as shown in
Fig. 4.30 (b).

Fig. 4.31 (a) highlights the impact of the third-order high pass filter on the
selectivity of the proposed RX, where enabling the active inductor improves the
RX selectivity by -10dB/dec. As demonstrated in the measured results shown
in Fig. 4.31 (b), activating the positive feedback amplifier (A.) and adjusting
the value of (5 increases the RX bandwidth without sacrificing the far-out
out-of-band rejection.

Fig. 4.32 (a) presents the measured in-band linearity. Two tones at f; = fip
and fo = frp + 5MHz are applied to the RX input, with f;r swept across
the 3-dB bandwidth. The measured in-band OIP3 is approximately 38 dBm
when frp is below 40 MHz. Due to the limited bandwidth of the loop gain,
the in-band linearity starts to degrade at frr =40 MHz, reaching 27 dBm near
the 3-dB bandwidth. Furthermore, as predicted by (4.15) and confirmed by
the measurement results in Fig. 4.32 (b), simultaneously increasing R;y and
reducing Cry enhances the loop gain at the passband edges. Moreover, fig.
4.32 (b) further demonstrates that increasing R;y and reducing Cy has a
negligible impact on the RX filtering shape and order.

Fig. 4.33 (a) illustrates the measured RX linearity in the presence of in-band
and close-in blockers. Two tones, fi1 = fro + fsap and fo = fro + Af, are
applied to the RX such that their intermodulation product falls within the
desired band. Then, Af is swept across the close-in blocker range. As shown
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frequency.

in Fig. 4.33(a), simultaneously increasing R;y and reducing Cjy improves
the ITP3 by approximately 3.8 dB. However, a trade-off between in-band and
out-of-band linearity can be observed. As Af increases, the ITP3 improvement
diminishes due to the lower Cjy value. For the IIP3 measurements, two tones
at fi = fro+ Af and fo = fro +2Af — 5MHz are applied to the RX input,
where Af is the offset frequency from the LO frequency. Af is then swept to
measure the RX IIP3 versus the offset frequency, as shown in Fig. 4.33 (b). The
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Figure 4.36: Front-end block diagram of an FDD transceiver.

measured in-band IIP3 is -3.4 dBm and reaches 10.4dBm at Af/ fsqp = 2.

To investigate the effect of increasing R;y and reducing C;y on the blocker 1-
dB compression point (B1dB) performance, a desired signal at fs;, = fro+5MHz
and a blocker at fyr = fro + Af are applied to the RX input. Then, Af is
swept across the close-in blocker range. As illustrated in Fig. 4.34 (a), unlike
ITP3, the B1dB of the proposed RX does not improve with increased R;y and
reduced Cy across the close-in blocker range, as the large-signal operation of
the RX is constrained by the supply voltage. Moreover, Fig. 4.34 (a) shows
the measured B1dB versus the blocker offset frequency. The in-band B1dB is
-25.8dBm, and increases to —2.3dBm at far-out offset frequencies.

The RX NF is also measured in the presence of a blocker located at Af/ fsqp =
5. As depicted in Fig. 4.35 (a), a 0 dBm blocker degrades the RX NF by 5.5 dB. In
the second-order input intercept point (IIP2) measurement shown in Fig. 4.35 (b),
two tones are applied at frequencies fi = fro+Af and fo = fro+Af —5MHz,
while Af is swept. The measured in-band TIP2 is 28.6 dBm, and increases
to 55.4dBm at Af/fsqp = 2. To meet the performance requirements for 5G
frequency division duplex (FDD) applications, the proposed RX requires a
duplexer. This duplexer should provide certain isolation between the TX and
RX ports, which be calculated in the following.

In FDD systems, as shown in Fig. 4.36, TX power (Pry) leaks into the RX
input due to the limited isolation between the transmitter and receiver ports
of the duplexer (denoted as ISOrx_grx). This leakage generates second-order
intermodulation (IM2) in the RX path due to the limited IIP2 of the proposed
RX. To prevent degradation of the signal-to-noise ratio (SNR), the IM2 power
(Prare) caused by the TX leakage must be at least 10dB lower than the RX
reference sensitivity (P,s). Consequently, the required duplexer isolation for a
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Figure 4.37: Measured constellation of the proposed RX for -55dBm 100 MS/s (a) 64-QAM and (b)
256-QAM input signals.

given RX TIP2 performance can be calculated using the following equation:

I[IP2+ P
ISOrx_px = (Prx —3) — 5 1A
— ISOTX—RX = (PTX — 3) — 5 / , (436)

where the -3dB term accounts for the modulated TX signal. This equation
clearly shows the trade-off between the RX IIP2 and the duplexer ISOrx_grx
requirements. According to 3GPP standards for local area base station appli-
cations, the reference sensitivity should be better than -87.7 dBm for channel
bandwidths greater than 50 MHz, with the transmitter’s radiated power at the
antenna being 33 dBm. Taking into account a 2dB loss in the duplexer between
the TX and antenna ports, Prx must be approximately 35dBm. Additionally,
considering an RX RF bandwidth of 75 MHz and a frequency spacing of 20 MHz
between the RX and TX bandwidth edges, we obtain a ratio of Af/f3_4p = 1.53.
The measured IT1P2 of the proposed RX at this offset frequency is +46 dBm.
Therefore, to meet the FDD transceiver performance requirements, the proposed
RX requires a duplexer with ISOrx_rx > 58dB between its TX and RX
ports—an ambitious goal to achieve. Therefore, the IIP2 performance of the
proposed RX should be enhanced in future implementations, either by adopting
a fully differential LNTA and TTA or by employing calibration techniques similar
to those discussed in [69].
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Next, the RX performance is evaluated using high-order quadrature amplitude
modulation (QAM) schemes, as illustrated in Fig. 4.37. Applying a -55dBm
100 MS/s QAM-64 signal to the RX input results in a measured error vector
magnitude (EVM) of -31dB. The EVM slightly degrades to -30.2dB with a
QAM-256 signal, while maintaining the same sampling rate and input power.

Following the 3GPP standard, the RX is further evaluated. The first test
measures reference sensitivity, where the throughput must exceed 95% for a
50 MS/s QPSK signal with an input power of -87.7dBm. To measure reference
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Table 4.3: Performance Summary And Comparison With Prior Art.
Lien Bhat Montazerolghaem Razavi This Work
JSSC 2018 [54] | JSSC 2022 [52] | ISSCC 2021 [88] | JSSC 2022[81]
Architecture Mixer first Mixer first LNTA based LNTA based LNTA based
Technology 45 nm SOI 22 nm SOI 40 nm 28 nm 40 nm
fer (GH2) 0.2-8 1-6 04-32 04-6 04-73
Gain (dB) 21 22.4 36 54 38
Flat BW Yes No Yes No Yes
Single Ended Input No No Yes Yes Yes
BW (MHz) 20 350 160 0.2-160 300
NF (dB) 23-7 25-5 27-36 2.11/4.428 32-58
el el 47 N/A 84 5.21/7.45 9.65
(dB)
Filtering roll-off
(dB/dec) -40 -20 -55 -60 -60
IB OIP3 (dBm) 21 28.5-34.4 17 198 27-38
39 18 10 3% 11
OO IIP; (dBm) Aflws.qs = 8 Aflws.gs = 5.7 Aflwzgs =3 Aflws.gs =125 Aflosgs =3
88 50 208 67.7
QOB IIP, (dBm) Aflws.gs = 8 N/A Aflwzgs =3 Aflws.gs =12.5 Aflwsgs =3
12 3 -5 48
Bl Aflws.gs =4 Aflozgg =5.7 Aflwzgg =5 N/A Aflws.gs =3
EVM (dB) N/A N/A -26.4¥ -25.3¢ -31e=
Supply (V) 1.2 0.83 1.3/1.2 1 1.3
Active Area (mm2) 0.8 0.48 0.6 1.9 042
50mW+ 58.5+ 100+
Py () 30mWIGHz 172 17.6mWIGHz 23-49 13mW/GHz

tLow noise mode, § Harmonic reject mode, $ Maximum bandwidth, ¢ -57dBm 80MS/s 64-QAM, , ¥ -60dBm
140MS/s 64-QAM, ce -55dBm 100MS/s 64-QAM.

sensitivity, we apply 100 symbols to the input of our RX. As shown in Fig.
4.38 (a), the RX achieves a throughput of 96% for the reference sensitivity,
satisfying the 3GPP requirement (96 symbols out of 100 symbols are received
correctly). Note that the red dots represent the missing symbols. For blocking
tests, the throughput must exceed 95% when the input signal power is 6 dB
higher than the reference sensitivity level. In the in-band blocking test, a
-35dBm 20 MS/s modulated in-band blocker at the passband edge is combined
with the desired signal and applied to the RX input. Thanks to the RX’s
excellent in-band linearity, 100% of the symbols are received correctly, as shown
in Fig. 4.38 (b). In the 5G close-in blocking scenario, a -15dBm close-in blocker
at 60 MHz offset frequency from the bandwidth edge is applied to the RX. As
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illustrated in Fig. 4.39 (a), all the symbols are received correctly, demonstrating
the RX’s high selectivity. For the co-location blocking test, While receiving the
desired signal at 3 GHz, a -4 dBm far-out blocker located at 900 MHz is applied
to the RX. The proposed RX receives all the symbols correctly in this scenario
as well (Fig. 4.39 (b)). The measured EVM is -9.9dB for the far-out blocking
test, corresponding to a 1.4 dB signal-to-noise ratio (SNR) degradation caused
by reciprocal mixing and the nonlinearity of the proposed RX.

The performance of the proposed RX is summarized in Table 4.3 and com-
pared with the state-of-the-art RXs [52,54,81,88] having similar bandwidth and
operating frequency. This work demonstrates superior in-band linearity and
selectivity. It is also the only RX that has been tested for reference sensitivity
and various blocking scenarios specific to local area base station applications,
successfully passing all tests.

4.8 Conclusion

This Chapter presented a wideband LNTA-based receiver for 5G local area
base station applications, covering both the low-band and mid-band frequencies.
To identify the optimal TIA architecture, the first-order and Rauch TTAs are
extensively analyzed and compared in terms of the transfer function, input
impedance, loop gain, and noise. Based on the analysis, the Rauch TIA was
chosen for its superior selectivity and higher loop gain. A third-order high-pass
filter was also added in parallel with its feedback resistor to further enhance the
selectivity of the Rauch TIA. The RX integrates the Rauch TIAs with passive
mixers and an LNTA featuring an N-path notch filter in its feedback. To extend
the RX operating frequency, two switch sets at the LNTA output —one for the
N-path notch filter and another for the down-converting mixers— were merged.
Moreover, the band-pass characteristic of the TIA input impedance is used
to introduce positive feedback in the LNTA, enhancing the 3-dB bandwidth
without sacrificing the RX’s out-of-band rejection. Fabricated in 40 nm bulk
CMOS technology, The proposed RX meets the 3GPP requirements for reference
sensitivity, in-band blocking, close-in blocking, and out-of-band blocking, making
it well-suited for 5G local area base station applications.
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CHAPTER

Conclusion

5.1 Thesis Outcomes

The introduction of fifth-generation (5G) mobile communication has ad-
dressed the growing demand for higher data rates by expanding the available
bandwidth for sub-6 GHz radios. Despite the increased bandwidth, the required
blocker offset frequency in 5G applications has remained unchanged due to
the congested sub-6 GHz spectrum, compared to the earlier communication
standards, such as LTE. Hence, the main focus of this thesis was on proposing
wideband RXs that are resilient to the stringent blocking scenarios of the 5G
user equipment (UE) and base station (BS) applications.

Wideband RXs for 5G must handle close-in blockers while providing high
bandwidth. Therefore, 5G RXs require sufficient selectivity in both the RF and
baseband domains to suppress close-in blockers and prevent voltage clipping in
the baseband amplifiers. Additionally, in co-location scenarios, large blockers
from other standards, such as GSM, should also be handled. This requires the
RXs to handle significant currents induced by far-out blockers. Furthermore,
although termed sub-6-GHz, the 5G spectrum now extends up to 7 GHz to
benefit from both lower path loss and broader bandwidth availability in the low-
and mid-band frequencies. Thus, the proposed RXs must operate up to 7 GHz
and support very high bandwidths to meet evolving 5G requirements.

137
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In this context, the thesis presents three distinct wideband RX architectures,
each designed for a different node within the 5G mobile communication — user
equipment, microcell base stations, and local area base stations. The proposed
RXs are fabricated in 40-nm CMOS technology and address key challenges in
in-band linearity, out-of-band linearity, sensitivity, selectivity, and operating
frequency.

In Chapter 2, a highly selective RX was proposed for 5G UE applications. To
meet the challenging blocker requirement of 5G UE applications, the following
are proposed:

o Two zeros around the LNTA transfer function to enhance the selectivity of
an RF front-end and suppress close-in blockers

o A current-sinking path to reduce the RX input impedance at far-out offset
frequencies, thereby improving its out-of-band linearity

o Replaced the feedback capacitor of TIA with a load capacitor to enhance
RX selectivity and filter close-in blockers

This RX satisfies both reference sensitivity and out-of-band blocking speci-
fications for 5G TDD UE, making it suitable for high-performance mobile
applications.

In Chapter 3, to address co-location blocking conditions and close-in blockers
in microcell base stations, a highly linear and reconfigurable RX was proposed
with the following features:

o A parallel preselect filter with third-order filtering to improve the RX
selectivity and B1dB of the RF front-end

o Utilized a third-order impedance in the baseband domain to increase the
RX selectivity and suppress the close-in blockers

o A translational feedback network in the RX feedback to simultaneously
achieve input matching and a flat in-band gain response

The RX operates in both low-noise and linear modes, achieving sub-3 dB NF
and +28 dBm ITP3, and meets 3GPP blocking requirements even under high
out-of-band blockers of co-location applications.

In Chapter 4, a wideband LNTA-based RX was developed for local area
base station applications, covering both low-band and mid-band frequencies up
to 7 GHz. To meet the stringent linearity requirement, high bandwidth, and
wideband operation, the following contributions are introduced:
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o Identified the Rauch TIA as a suitable candidate for 5G applications to
achieve highly linear and selective RX

e Sharing the switches of down-converting mixers and the N-path notch filter
at the LNTA output to reduce the parasitic capacitor at the LNTA output
and enhance the RX operating frequency

o A positive feedback technique to enhance the RX bandwidth without
sacrificing out-ot-band rejection of RF front-end by utilizing the band-pass
shaped input impedance of a TIA

This RX meets 3GPP requirements for sensitivity, in-band blocking, and out-of-
band blocking, making it a strong candidate for local area 5G infrastructure.

5.2 Recommendations for Future Developments

Although the proposed receivers are functional and can satisfy the reference
sensitivity and blocking requirements for 5G user equipment, microcell base sta-
tion, and local area base station applications, there is still room for performance
improvements.

One challenge that N-path filters encounter is charge injection. Charge
injection can lead to signal sharing between the I and QQ paths, which degrades
the symmetry of the RX transfer function at the lower and upper sides of
the operating frequency. As shown in Fig. 5.1, CMOS switches can be used
to minimize charge injection by generating a reverse charge from the PMOS
transistor. However, this technique requires both LO and LO, which results in
higher power consumption and reduced operating frequency.

One of the challenges of N-path filters is operating at high LO frequencies
due to technology limitations. For instance, the operating frequency of N-path
filters is limited to below 3 GHz when the number of phases is set to 8, primarily
due to the difficulty of generating 12.5% non-overlapping LO phases. However,
as shown in Fig. 5.2, generating LO signals with a 25% pulse width and 450
phase shift is still possible for operating frequencies above 3 GHz [118]. In
this case, the overlap between LO phases can degrade the image rejection and
noise performance of the RX. To address this, as shown in Fig. 5.3, previous
works [116, 118] suggest placing two inductors between overlapping LO paths
to improve the RX’s degraded noise performance. This technique can also be
utilized to mitigate the charge injection issue in N-path notch filters.

As discussed in Chapter 2, two zeros are introduced to suppress close-in
blockers in user equipment applications. To implement these zeros, a series
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Figure 5.1: Utilizing CMOS switches to minimize the effect of charge injection in N-path notch
filters.

25%L0 |- 4
12.5% LO ° — ¥

T I

Generation :.; z,’: JJ]_I_— I:> Gsv?ﬁ: Té?n :’ ZZ: TL
I JL
L JL

—o (;

Phase Delay [—° @

f,, <3 GHz f,,>3 GHz

Figure 5.2: Increasing the operating frequency of the N-path filters by utilizing 25% LO signals
with 450 phase delay.

impedance is added before the N-path notch filter. As depicted in Fig. 5.4,
the components of this series impedance can be utilized to isolate the LO
phases, thereby enhancing the symmetry of the RX transfer function around
the operating frequency, which was compromised by charge injection. However,
this structure requires four inductors, significantly increasing the chip area and
high-frequency routing complexity. As shown in Fig. 5.5, the design can be
further optimized by reducing the number of inductors to two by sharing the
input and output inductors. Finally, by using 25% LO phases with a 450 shift,
as in [116,118], the RX operating frequency can exceed 3 GHz and reach up to
7 GHz, aligning with current 5G standard trends.

In Chapter 4, a three-stage Operational Transconductance Amplifier (OTA) is
employed to increase loop gain and achieve adequate in-band linearity. To ensure
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Figure 5.3: Improving the RX noise and image rejection performance by adding two isolation
inductors [116].

Figure 5.4: Improving the symmetry of RX transfer function around the operating frequency.

stability in this OTA design, two stabilization techniques are implemented. First,
Miller compensation is applied in the second stage to establish the dominant
pole and shift the second pole at the second stage output to higher frequencies.
Second, a feedforward path is introduced between the input and output of
the OTA to create a high-frequency zero and sustain gain at high frequencies.
However, since the feedforward path operates at high frequencies, smaller channel
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Figure 5.6: A two-stage OTA with Miller compensation [117].

devices are used for its implementation. These smaller channel devices have
low output resistance, which loads the OTA’s output stage. Consequently, the
feedforward path reduces both the overall OTA gain and the TIA loop gain,
limiting the RX’s achievable in-band linearity performance.

Alternatively, a two-stage OTA can serve as the TIA amplifier, as shown
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in Fig. 5.6 [117]. Miller compensation is used here to stabilize the OTA by
creating a dominant pole below the 3-dB bandwidth and pushing the output
pole of the OTA to higher frequencies. However, this dominant pole reduces
loop gain across the 3-dB bandwidth, which degrades RX in-band linearity at
the bandwidth edge. As discussed in Chapter 4, the Rauch TIA introduces
two zeros that help flatten the loop gain at the passband edge, enhancing OTA
stability. Consequently, Miller compensation may not be necessary for stability.
Instead, the second dominant pole of the OTA should first be identified, followed
by the implementation of a novel compensation technique to shift this pole to
higher frequencies. This approach minimizes RX in-band linearity degradation
across the 3-dB bandwidth, allowing for a higher 3-dB bandwidth target. Such
a structure can be beneficial in applications like digital pre-distortion (DPD)
loops, where a wider bandwidth than the 3GPP standard is required to estimate
power amplifier (PA) nonlinearity [119].

In this thesis, three different LNTA-based RXs were proposed for 5G cellular
applications. These designs reveal a fundamental trade-off between out-of-band
linearity, in-band linearity, and operating frequency. Improving out-of-band
linearity, for instance, requires increasing the input capacitance of the TIA
and the size of the passive mixers. However, a larger TIA input capacitor
reduces the loop gain, thereby degrading in-band linearity. Similarly, reducing
the on-resistance of passive mixers adds parasitic capacitance to RF nodes,
which not only limits the RX’s operating frequency but also reduces the LNTA’s
output resistance at high frequencies, further degrading loop gain and RX in-
band linearity performance. While LNTA linearization techniques can enhance
out-of-band linearity, they often introduce additional input parasitics, again
limiting the RX’s frequency range. These trade-offs highlight the complexity of
designing wideband receivers with simultaneously high in-band and out-of-band
linearity, making it a compelling and ongoing area for future research.
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Summary

To meet the growing demand for higher data rates, the fifth generation
(5G) of mobile communication has been introduced for low-band, mid-band,
and high-band frequencies. In 5G applications, higher bandwidth and complex
modulation schemes are employed for this purpose.

To mitigate the high path loss associated with mm-wave frequencies, greater
focus has been placed on low-band and mid-band radios. Even the operating
frequency of sub-6 GHz radios has been extended to sub-7 GHz. However, the
congested sub-7 GHz spectrum has kept the offset frequency of close-in blockers
constant compared to the previous standards, such as 4G. This imposes stringent
requirements on receiver (RX) selectivity and linearity.

This thesis presents reconfigurable wideband low noise transconductance
amplifier (LNTA)-based RXs for sub-7 GHz radios. The proposed RXs have
high bandwidth and decent noise figure (NF) performance to employ high-
order modulation schemes and achieve a high data rate. This thesis introduces
techniques to enhance the RX selectivity for suppressing the close-in blockers
of 5G user equipment, microcell base station, and local area base station
applications. Moreover, this thesis proposes RXs with decent far-out out-of-
band linearity for base station co-location applications where strong blockers
are present from other standards.

Chapter 1 outlines the evolution of wireless communication leading to
5G applications. It introduces the 5G standard and highlights its stringent
requirements on RX operating frequency, bandwidth, noise figure, and linearity:.
Following a brief discussion on N-path filters and their role in enabling wide-
band RXs, Chapter 1 reviews state-of-the-art RX designs and identifies their
limitations for 5G applications. Finally, it defines the objectives and scope of
this thesis.

Chapter 2 targets 5G user equipment applications and introduces a wideband
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blocker tolerant receiver fabricated in 40-nm bulk CMOS technology. By
incorporating programmable zeros and a second-order transimpedance amplifier
(TTA), the RX achieves enhanced selectivity and fulfills the stringent linearity
requirements of 5G for close-in blockers. An auxiliary path is employed to reduce
the RX input impedance at far-out offset frequencies, creating a current-sinking
path for far-out blockers. In this way, the proposed RX achieves decent out-of-
band linearity performance. To determine the component values for both the
RF front-end and the second-order TIA, two design guides are developed based
on the 5G standard. The proposed RX successfully meets 5G requirements for
reference sensitivity and out-of-band blocking tests.

Chapter 3 presents a wideband RX for 5G microcell base station applications.
This Chapter targets microcell co-location scenarios. Hence, it adopts a parallel
preselect filter to achieve decent far-out out-of-band B1dB. Third-order RF
and baseband filters deliver sixth-order channel selectivity to handle close-in
blockers of base station applications, where the ratio of blocker offset frequency
to RX bandwidth is 1/10. Additionally, a translational feedback network
provides input matching and minimizes in-band gain ripple to below 0.5 dB. The
RX’s reconfigurable architecture supports a low-noise mode and linear mode.
Leveraging its current-mode operation and sharp filtering, the implemented RX
in 40-nm CMOS technology complies with all 3GPP requirements for reference
sensitivity, in-band blocking, and out-of-band blocking.

Chapter 4 introduces a wideband LNTA-based RX for 5G local area base
station applications. The proposed RX covers both low- and mid-band fre-
quencies. Firstly, this Chapter determines the optimal TIA architecture for 5G
applications. To do so, the first-order and Rauch TTAs were thoroughly analyzed
and compared in terms of transfer function, input impedance, loop gain, and
noise performance. The Rauch TIA was selected for its superior selectivity and
higher loop gain for out-of-band signals, with additional selectivity enhancement
by adopting a third-order high-pass filter integrated in parallel with the TTA
feedback resistor. The RX incorporates the Rauch TTAs with passive mixers
and an LNTA featuring an N-path notch filter in its feedback. To enhance
the RX’s operating frequency range, two switch sets at the LNTA output (one
for the N-path notch filter and another for the down-converting mixers) were
merged. Furthermore, the band-pass characteristic of the TIA input impedance
is leveraged to introduce positive feedback in the LNTA, increasing the 3-dB
bandwidth without compromising out-of-band rejection. The resulting design is
fabricated using 40 nm bulk CMOS technology, and the proposed RX satisfies
3GPP requirements for reference sensitivity, in-band blocking, close-in blocking,
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and out-of-band blocking, making it a strong candidate for 5G local area base

station applications.
Chapter 5 provides a brief discussion of the proposed ideas presented in
this thesis and offers suggestions for future research directions.
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Samenvatting

Om aan de groeiende vraag naar hogere datasnelheden te voldoen, is de
vijfde generatie (5G) mobiele communicatie geintroduceerd voor de lage, midden
en hoge frequentiebanden. In 5G-toepassingen worden hogere bandbreedtes en
complexe modulatieschema’s gebruikt om dit doel te bereiken. Om het hoge
signaalverlies dat gepaard gaat met mm-wave frequenties te beperken, ligt er
meer nadruk op radio’s voor de lage en midden-frequentiebanden. Zelfs nu de
werkfrequentie van sub-6 GHz radio’s is uitgebreid naar sub-7 GHz. Echter, het
overvolle sub-7 GHz spectrum heeft ervoor gezorgd dat de frequentieverschillen
van nabijgelegen stoorzenders constant is gebleven ten opzichte van eerdere
standaarden, zoals 4G. Dit stelt strenge eisen aan de selectiviteit en lineariteit
van de ontvanger (RX). Dit proefschrift presenteert breedband ontvangers die
gebaseerd zijn op ruisarme transconductantie versterkers (LNTA) voor sub-7
GHz radio’s. De voorgestelde RX’s hebben een hoge bandbreedte en een goed
ruisgetal (NF) nodig om hogere-orde modulatieschema’s te ondersteunen en
een hoge datasnelheid te behalen. Dit proefschrift introduceert technieken om
de selectiviteit van de RX te verbeteren voor het onderdrukken van nabijgele-
gen stoorzenders bij 5G-gebruikersapparatuur, microcel-basisstations en lokale
basisstations. Bovendien stelt deze thesis RX’s voor met een goede lineariteit
buiten de ontvangstband voor de co-locatiescenario’s van basisstations, waar
sterke stoorzenders veroorzaakt door andere draadloze systemen aanwezig zijn.

Hoofdstuk 1 schetst de evolutie van draadloze communicatie die heeft geleid
tot 5G-toepassingen. Het introduceert de 5G-standaard en benadrukt de strenge
eisen aan de werkfrequentie, bandbreedte, ruisgetal en lineariteit van de RX. Na
een korte bespreking van N-path-filters en hun rol bij het mogelijk maken van
breedband RX’s, biedt dit hoofdstuk een overzicht van de huidige RX-ontwerpen

This summary is translated to Dutch by Jan Prummel. Leo de Vreede and his wife edited the Dutch
summary.
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en identificeert het hun beperkingen voor 5G-toepassingen. Tot slot worden de
doelstellingen en reikwijdte van deze thesis gedefinieerd.

Hoofdstuk 2 richt zich op 5G-gebruikersapparatuur en introduceert een
breedband RX die bestand is tegen stoorzenders, welke vervaardigd is in 40-
nm bulk CMOS-technologie. Door programmeerbare nulpunten en een tran-
simpedantieversterker (TTA) met een tweede orde overdrachtsfunctie te in-
tegreren, biedt de RX verbeterde selectiviteit en voldoet hij aan de strenge
lineariteitseisen van 5G voor nabijgelegen stoorzenders. Een extra signaal pad
wordt gebruikt om de ingangsimpedantie van de RX te verminderen bij grote
frequentieverschillen, hierdoor ontstaat een lage impedantie voor stoorzenders
buiten de ontvangstband. Om de componentwaarden te bepalen voor zowel
het RF-front-end als de tweede-orde TIA, zijn ontwerprichtlijnen ontwikkeld op
basis van de bG-standaard. De voorgestelde RX voldoet aan de 5G-eisen voor
gevoeligheid en buiten-de-band-blokker scenario’s.

Hoofdstuk 3 presenteert een breedband RX voor 5G-microcelbasisstations.
Dit hoofdstuk richt zich op co-locatiescenario’s van microcelbasisstations en
maakt gebruik van een parallel geschakeld voorselectie-filter om een goede
lineariteit buiten de band (B1dB) te bereiken. De derde-orde RF- en basisband-
filters leveren een zesde-orde kanaalselectiviteit om nabijgelegen stoorzenders in
basisstations te onderdrukken, waarbij de verhouding van het frequentieverschil
van de stoorzender tot de bandbreedte van de RX 1/10 is. Daarnaast biedt een
translationeel feedbacknetwerk ingangsimpedantie aanpassing en minimaliseert
het de rimpel in de versterking tot minder dan 0,5 dB binnen de ontvanger
bandbreedte. De herconfigureerbare architectuur van de RX ondersteunt zowel
een lage-ruismodus als een lineaire modus. Dankzij zijn stroom-georiénteerde en
scherpe filtering voldoet de geimplementeerde RX in 40-nm CMOS-technologie
aan alle 3GPP-eisen voor gevoeligheid en blokkers scenario’s zowel binnen als
buiten de ontvangstband.

Hoofdstuk 4 introduceert een breedband LNTA-gebaseerde RX voor 5G
lokale basisstations. De voorgestelde RX dekt zowel de lage als middenfre-
quentiebanden. Dit hoofdstuk bepaalt eerst de optimale TIA-architectuur
voor 5G-toepassingen. Hiervoor zijn eerste-orde en Rauch-TIA’s geanaly-
seerd en vergeleken op overdrachtsfunctie, ingangsimpedantie, lusversterking
en ruisprestaties. De Rauch-TIA is geselecteerd vanwege zijn superieure se-
lectiviteit en hogere lusversterking, met aanvullende selectiviteitsverbetering
door een derde-orde hoogdoorlaatfilter welke parallel is geintegreerd aan de
TTA-tegenkoppelweerstand. De RX combineert Rauch-TIA’s met passieve
mixers en een LNTA met een N-path-notch-filter in de tegenkoppeling. Om
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het werkfrequentiebereik van de RX te verbeteren, zijn twee schakelingen bij
de LNTA-uitgang samengevoegd: één voor het N-path-notch-filter en een an-
dere voor de mixer. Bovendien wordt de banddoorlaatkarakteristick van de
TTA-ingangsimpedantie benut om positieve tegenkoppeling in de LNTA te in-
troduceren, wat de 3-dB-bandbreedte vergroot zonder concessies te doen aan
de onderdrukking van buiten-de-band blokkers. Gerealiseerd in 40-nm bulk
CMOS-technologie voldoet de RX aan de 3GPP-eisen voor; gevoeligheid, binnen-
de-band blokkers, dichtbij en buiten-de-band blokkers, waardoor het ontwerp
een sterke kandidaat is voor ontvanger toepassingen in 5G basisstations.
Hoofdstuk 5 biedt een korte bespreking van de voorgestelde ideeén in dit
proefschrift en geeft suggesties voor toekomstige onderzoeksrichtingen.
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