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Università degli Studi di Pavia

Abstract

Facoltà di Ingegneria
Dipartimento di Ingegneria Industriale e dell’Informazione

Design of Highly Linear and Low Power Base-Band Filters for High
Bandwidth Current-Mode Receivers

by Mohammadmehdi Deilam Salehi

In recent years, lots of investments have been made on the telecommunication
systems to develop their capabilities. Some brilliant ideas, like Smart cities and
new technologies like Internet-Of-Things (IoT), opened many opportunities for the
upcoming generation of wireless systems. Today, data transmission with the high-
est quality and security among a massive number of users is getting more feasible
thanks to the high rate communication systems with higher bandwidth. Since the
new wireless devices are surrounded by lots of unwanted signals as interferers, so
the linearity of a wireless block can be one of the main challenges for new high
bandwidth applications. This can get worse in a wireless receiver without off-chip
filters, where the baseband filter after the mixer is the main filtering part. So
the main challenge for the baseband part is designing high bandwidth filters with
sufficient linearity. Two baseband filters are presented in this thesis, the first one
which is the first-order Trans-Impedance Amplifier (TIA) filter in a current mode
receiver is a 80 MHz bandwidth filter. The main challenge to design such a high
bandwidth block is stability. Since the traditional compensation approaches like
the Miller technique suffer the parasitic non-dominant pole effects, it is not possible
to provide such a high bandwidth compensation. The main idea proposed here is
using a parallel branch to add some zeros to the system in a high-frequency range
and modify the phase behavior. Thanks to conditional stability coming from the
compensation feedback branch, the TIA shows a huge open-loop gain that pro-
vides a noticeable input-referred IP3 (IIP3) more than +54 dBm with only 4.2
mw power consumption and 44 µVrms integrated noise power at the input. The
second design is a baseband filter with 200 MHz for 5G applications. The filter is
a third-order filter consist of a second-order Rauch filter and first-order TIA filter.
The receiver chain has a variable gain and bandwidth by less than 5 dB, noise
figure. The measurement results show that the Rauch filter has an almost flat
response(less than 1 dB fluctuation) in bandwidth and provides sufficient filtering
to attenuate the blockers and reach to an output-referred IP3 (OIP3) more than
+15 dBm. Both circuits design have been done in 28 nm TSMC technology.

iii



Nomenclature

Abbreviations

IoT Internet-Of-Things
TIA Trans-Impedance Amplifier
OIP3 Output-referred IP3
IIP3 Input-referred IP3
MIMO Multiple-In Multiple-Out
RX Receiver side
TX Transmitter side
OTA Operational Transconductance Amplifier
DR Dynamic range
SFDR Spurious-free dynamic range
SNR Signal to noise ratio
NF Noise figure
OOB Out-of-Band
IM Intermodulation
IM3 Third-order intermodulation
LNTA Low Noise Trans-conductance Amplifier
NTF Noise transfer function
FFW Feed-forward
LFB Local feedback
fu Unity-gain bandwidth
BW Bandwidth
GBW Gain bandwidth product
PCB Printed circuit board
PSD Power spectral density
Q Quality factor
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Introduction

Nowadays, wireless systems play a leading role in human communication. By in-
creasing the number of users, many companies are planning to establish new stan-
dards and technologies to improve data transmission quality. Using multi-path
transmission by multiple-In multiple-Out (MIMO) technology with some sophisti-
cated modulation techniques in fifth generation of telecommunication system (5G)
is a start point for the upcoming revolution in this industry. Thus, in the cir-
cuit level, the new wireless blocks should handle sufficiently high bandwidth to
can provide a higher data rate. In a wireless receiver, the main question will be,
how it can detect a weak signal surrounded by many other signals which play the
interferers’ role for the desired signal. In a traditional receiver, passive off-chip
band-pass SAW filters were the typical approach to filter different standards’ in-
terferers. However, since external filters like SAW and Duplexer are expensive and
occupy a large area compared to the rest of the device, they could not adapt to
technology scaling. Hence, the main idea was SAW-Less receivers, which poses
significant challenges to the receiver (RX) from the linearity point of view to tol-
erate un-filtered interferers. Since there is no filtering in the front-end part of the
receiver, the main linearity challenge is related to the baseband filter after the
mixer. In the current mode receiver structure, the baseband filter after the mixer
is a trans-impedance amplifier (TIA), which is a first-order filter. Since increasing
the new applications’ bandwidth means less filtering for interferers closed to band
edge, the linearity of baseband filter becomes the main design challenge. Moreover,
since the new generation of the wireless system should be power efficient, power
consumption is a critical design goal for high bandwidth devices. By considering
all these concepts, the thesis is organized as follow

Chapter 1 explains the main metrics which are needed to asses any cellular
system. By looking at the sensitivity and linearity constraints, the dynamic range
of any system will be defined. After that, during a historical journey, different

1
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network technologies from 1G to 5G will be discussed. The evolution route passes
from simple analog 1G technology to much more complicated 5G that uses differ-
ent technology like massive MIMO and millimeter wave, to expand the bandwidth
and data rate.

Chapter 2 explains about the TIA as a baseband filter in a current mode
receive. Traditionally there is a big capacitor at the input of the baseband filter
to improve its linearity. For minimizing the occupied area and also improving
noise behavior, the main solution is designing a high gain Operational transcon-
ductance amplifier (OTA) with sufficient bandwidth. The main issue for high gain
and bandwidth OTA is how to make it stable? The traditional Miller approach is
not adequate for high bandwidth applications because of the non-dominant poles
effect and its large power consumption. The idea is using a parallel branch can
add zeros in high-frequency range and make the circuit stable. The TIA made in
this approach has 80 MHz bandwidth and consumes only 4.4 mw.

Chapter 3 explains another baseband filter with 200 MHz bandwidth for 5G
applications. The filter makes third-order filtering by using a second-order Rauch
filter plus first order stage. The gain and bandwidth of the filter can be controlled
in a current mode receiver. The measurement results show Rauch filter has less
than 1 dB fluctuation in bandwidth range with more than +15 dB for OIP3. With
the same concept used in chapter 2, to compensate the system, a feed-forward
branch is used to modify the phase behavior and guarantee stability.

2



Chapter 1
Wireless Receiver Standards And
Design Metrics

Communication systems establishment always faces lots of ups and downs
to define practical standards that can provide a proper connection among
a considerable number of users. In the past decades, lots of efforts have
been made to extend standards’ capabilities and develop communication
circuit design to boost the transmission rate for multi-application goals.
By looking at some required specifications for the communication sys-
tem, this chapter provides a better insight into design metrics, especially
for new generation of high bandwidth applications. Also, to see the new
5G standard capacity, a review of different generations’ evolution will
be presented.

1.1 Receiver Architecture

Heterodyne and direct-conversion receivers are the most commonly used architec-
tures among many different receiver ones proposed in the last decades. However,
simplicity and high level of integration of direct-conversion receivers make them the
best choice for the new generation of SAW-less receivers [1,2]. Figure 1.1 shows the
direct-conversion receiver block diagram. The signal received by the antenna con-
tains the desired signal, adjacent channel, and in-band interference signals closed
to wanted signal bandwidth. Since in some communication standards like LTE
and WCDMA, which use frequency division duplexing (FDD) access technique,
i.e., the transmitter (TX) and receiver (RX) operate together, the antenna is fol-
lowed by a duplex filter to isolate RX side from TX one. Commercial duplexers
provide an isolation of about 50dB [3,4] .

3



1. Wireless Receiver Standards And Design Metrics

Figure 1.1: Direct-conversion receiver block diagram

1.2 Receiver Performance Metrics

In order to evaluate wireless receivers’ performance, some metrics have to be de-
fined. This section talks about the main parameters which are typically employed
to characterize a wireless RX performance. The dynamic range is a figure of merit
for receivers, which contains both noise and non-linear behavior effect of a cel-
lular system . Dynamic range can be defined in different ways based on desired
or interference signals. A simple definition of dynamic range(DR) refers to the
maximum tolerable desired signal power divided by the minimum Sensible signal
power. Based on this definition, while the minimum detectable signal is limited by
the noise level, the compression defines the maximum signal amplitude, as shown
in Figure 1.2a. In the second definition called the spurious-free dynamic range
(SFDR), the upper bound which is limited by the Intermodulation (IM) products,
is the maximum input level in a two-tones test in which the third-order IM prod-
ucts (IM3) do not exceed the integrated noise level of the receiver(Figure 1.2b).

1.2.1 Noise

Generally, noise in any electronic system can originate from three sources: thermal
noise, shot noise and flicker noise. These small random fluctuations impose a lower
bound for the minimum detectable desired signal, which is called sensitivity. In
fact, this parameter determines the smallest value of input power that the receiver
must be able to detect while ensuring sufficient signal to noise ratio (SNR) at the
output of the system to guarantee proper demodulation of the signal [5]. Sensitivity

4



1.2. Receiver Performance Metrics

Figure 1.2: Acceptable input signal level: (a) dynamic range (b) spurious free
dynamic range

can be expressed by the following equation

P
(dBm)
sensitivity = P

(dBm/Hz)
Rs + 10 log10 (BW)(dB) + NF(dB) + SNR

(dB)
min,out, (1.1)

where PRs is noise power spectral density of antenna, which should be calculated
in desired bandwidth of BW, and SNRmin shows the minimum required signal to
noise ratio at the output node to satisfy the modulation scheme requirements. NF
expresses the noise figure of the receiver defined as the signal to noise ratio between
input and output of the receiver chain

NF(dB) = 10 log10

( SNRin

SNRout

)
. (1.2)

By modeling the emission of antenna as a source with 50Ω matched to the input of
receiver, the noise power spectral density of source equals to KT = −174dBm/Hz,
and hence the noise floor of system will be

Noise
(dBm)
floor = −174(dBm/Hz) + 10 log10 (BW)(dB) + NF(dB). (1.3)

The noise floor is directly proportional to bandwidth. Thus, in the new genera-
tion of telecommunication systems with higher data rates and bandwidth, for a
specific modulation scheme, the minimum detectable signal power will increase.
By knowing the minimum SNR at the output of the receiver and acceptable sen-
sitivity predefined by standard requirements, the maximum tolerable NF can be
calculated by (1.1).

1.2.2 Receiver Linearity

Analog circuits under the small-signal approximation are typically considered as
linear systems; however, any electronic circuit in reality shows a non-linear relation

5



1. Wireless Receiver Standards And Design Metrics

between its input and output nodes, which can be approximated simply by the
following equation

y(t) ≈ a1x(t) + a2x(t)2 + a3x(t)3, (1.4)

where x(t) and y(t) are the input and output of the system, respectively. Thus, by
considering the input signal as a single tone sinusoidal signal, x(t) = A0cos(ω0t)
and substituting in (1.4), we have

y(t) ≈ a1A0cos(ωot) + a2A
2
0cos

2(ω0t) + a3A
3
0cos

3(ωot)

= a1A0cos(ωot) +
a2A

2
0

2
(1 + cos(2ω0t)) +

a3A
3
0

4
(3cos(ω0t) + cos(3ω0t))

=
a2A

2
0

2
+
(
a1A0 +

3a3A
3
0

4

)
cos(ω0t) +

a2A
2
0

2
cos(2ω0t) +

a3A
3
0

4
cos(3ω0t),

(1.5)

where (1.5) shows the fundamental tone’s gain, i.e., a1A0 +
3a3A3

0

4
is related to the

first and third components of signal approximation, which can significantly change
when the amplitude of the input signal A0 increases. Since in the MOS technology,
the coefficients a1 and a3 have opposite sign, by increasing the input amplitude,
the term associated with third-order distortion compresses the gain.

A typical metric to quantify the compression is 1dB-compression point, which
corresponds to the input signal amplitude in which 1dB gain reduction occurs,
as shown in Figure 1.3. The input-referred 1dB compression point is a metric to
measure the large-signal performance of the receiver. Gain compression can result
from a large desired signal, which can be controlled by gain reduction in the RX
chain. On the other hand, If the gain compression comes from large blockers, more
facilities like higher order baseband filter are required.

When there are two tones at the input node, for instance desired signal beside
a strong unwanted signal (blocker), by putting x(t) = A0cos(ω0t) + A1cos(ω1t) in
(1.4), we find that

y(t) ≈
(
a1 +

3

4
a3A

2
0 +

3

2
a3A

2
1

)
A0cos(ω0t) + · · · . (1.6)

The fundamental tone’s gain can be dropped dramatically by a strong blocker, for
instance, a large Out-of-Band (OOB) interferer.

The popular metric in wireless systems to assess the non-linearity is called
input or output referred IP3 which is related to third-order inter-modulation
tone’s power(IM3). By considering two unwanted signals at the input, x(t) =
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Figure 1.3: 1-dB gain compression plot

A1cos(ω1t) + A2cos(ω2t), (1.4) gives

y(t) ≈ · · ·+ 3a3A
2
1A2

4
cos(2ω1 + ω2) +

3a3A
2
1A2

4
cos(2ω1 − ω2)

+
3a3A1A

2
2

4
cos(2ω2 + ω2) +

3a3A1A
2
2

4
cos(2ω2 − ω1) + · · · ,

(1.7)

where (2ω1 − ω2) and (2ω2 − ω1) are third-order nonlinearity components called
IM3 products. When those tones drop in desired signal bandwidth, by increasing
the nonlinear distortion, they decrease the SNR of the system. By applying the
same amplitude, A, for the desired signal and two unwanted tones as Figure 1.4
shows, in the certain amplitude of input signal A, which is called input-referred IP3
(or IIP3), the desired signal amplitude at the output node crosses the value of the
IM3 products. In any wireless standard, there is a list of potential tests to assess
the linearity of receivers. Each standard by defining the interferers amplitude and
their position in terms of desired signal bandwidth gives a measure to the designer
to determine proper specifications for system linearity.

1.3 Cellular Network Generations

Today, wireless networks are experiencing a noticeable step in their evolution. By
looking at cellular networks advances during the past four decades, the number
of users and applications increased dramatically. Lots of ideas and new technolo-
gies have been applied to speed up this evolution. This section presents a short
review of the different generations of the cellular network from 1G to 5G. The
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Figure 1.4: Third order nonlinear components product in desired signal bandwidth
and IIP3 plot

main idea behind all the efforts and challenges of developing the wireless system
comes from this question, how it is possible to increase the signal’s data rate in a
communication system efficiently?

Base on Shannon’s theorem [6], the capacity of a telecommunication channel
which shows the data rate is proportional to the bandwidth. Thus, the idea of
boosting the data rate by increasing the signal bandwidth opened the new ideas
to allocate, for instance, different channels from the same or different bands to a
single user. It can be done according to the channel-aggregation approach or using
advanced modulation schemes in Multiple-Input-Multiple-Output (MIMO) struc-
ture to improve the signal quality. Generally, a predefined frequency spectrum is
allocated to a wireless system, but multiple access techniques provide the ability
to share the available spectrum in an efficient way among users. For a wireless sys-
tem, multiplexing can be done in different dimensions: Time (TDMA), frequency
(FDMA and its variation OFDMA), and code (CDMA). Figure 1.5 shows a general
deployment picture of different generations during the past decades.

The first generation(1G) of the cellular network was deployed in Japan during
1979, and it gained popularity in the US, UK, and Europe in the early 1980s. In
1981 many Scandinavian countries like Norway, Sweden, Denmark, Finland, East-
ern Europe applied new standards known as NMT (Nordic Mobile Telephone),
which were based on 1G technology. Similarly, AMPS (Advanced Mobile Phone
System), which operated around the 850 MHz band providing 30-kHz-spaced chan-
nels, started to be established in North America and also TACS (Total Access
Communications Systems) in UK [7]. 1G was based on analog technology, and
because of limited frequency bandwidth and data transmission speed, it was only
feasible for phone calls with low quality. The main features of 1G are listed below

• Frequency range from 800 MHz and 900 MHz
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Figure 1.5: Cellular network generations from 1G to 5G

• Channels with a bandwidth of 30 kHz

• Modulation: Frequency Modulation (FM)

• Access technique: Frequency Division Multiple Access (FDMA)

However, its disadvantages are listed in the following

• Poor voice quality due to interference

• Poor battery life

• Less security (calls could be decoded easily)

• Limited cell coverage and users

The second-generation (2G) of wireless technology was established commer-
cially first in Finland in 1991 by introducing digital technology for wireless trans-
mission, also known as Global System for Mobile communication (GSM) [8]. 2G
occupied the bandwidth of 30 to 200 kHz with 64 kbps maximum data rate, which
is sufficient for data services like SMS and picture messages. In the mid-1990s,
Qualcomm company, by introducing the Code-Division-Multiple-Access (CDMA),
added more features than GSM to 2G in terms of spectral efficiency, number
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of users, and data rate [9]. To support higher data rate, General-Packet-Radio-
Service (GPRS) and Enhanced-Data-GSM-Evolution (EDGE) were introduced
with the maximum data rate of 171 kbps and 473 kbps, respectively [10]. By
summarising the 2G features, there will be

• Digital system

• Enhanced security

• Encrypted voice transmission

• Internet at a lower data rate

Although digitizing of telecommunication system gave us smaller devices, se-
cure connection, and better call quality, it still suffers the limited number of users
and low data rate. Thus, the new generation of cellular systems called 3G was
pre-commercially launched in Japan.

The third-generation mobile communication started with the introduction of
Universal-Mobile-Telecommunication-Systems (UMTS). UMTS, that employed wide-
band CDMA (W-CDMA) with 5 MHz channel bandwidth, for the first time sup-
ported video calling on mobile devices. Smartphones became popular, and some
applications were developed for them, which supported chat, email, games, web
browsing, video streaming, and social media. In order to provide better quality and
extend the new generations’ applications, two technology: High-Speed-Downlink-
Packet-Access (HSDPA) and High-Speed-Uplink-Packet-Access (HSUPA) were in-
troduced in 3G which increased the data rate up to 2Mbps. Another advancement
in the HSPA network is Evolved-High-Speed-Packet-Access (HSPA+), which can
increase the transmission rates up to a peak speed of 42 Mbps uplink and 22 Mbps
downlink theoretically using advanced encoding technique and multiple antennas
to transmit and receive data requests [11].

1.3.1 4G LTE

The fourth-generation, which came around 2008, offers a higher data rate and
handles more advanced multimedia services by introducing Long-Term-Evolution
(LTE). The LTE was developed in following of UMTS and CDMA2000 systems
and evolved later by releasing the LTE-Advanced (Release 10,11 and 12) and LTE-
Advanced-Pro (Release 13 and 14) [12,13]. The maximum speed of a 4G network
for a mobile device and low mobility communication system is 100 Mbps and 1
Gbps, respectively. Complex modulation schemes and carrier aggregation are used
to multiply uplink/downlink capacity and significantly improve data rate. By
applying multi-path transmission to increase the data rate, LTE faced some issues;
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for instance, while the data rate increases and the symbol package’s time duration
starts approaching the delay introduced by the channel, Inter-Symbol Interference
(ISI) can occurs which it will degrade the signal quality. To address this issue, LTE
uses Orthogonal Frequency-Division Multiplexing (OFDM) in which the high-rate
data stream is converted to parallel and some streams with a lower data rate
allowing to handle a larger delay. The new release of 4G can achieve a high
data rate in combination with higher-order modulation up to 64 QAM and large
bandwidth up to 20 MHz.

1.3.2 5G Generation

The fifth-generation goal is delivering ultra-fast internet and multimedia experience
thanks to the advanced technologies. In order to achieve a higher data rate, it
will use millimeter waves and unlicensed spectrum for data transmission. Some
promising features which will be expected to see in 5G cellular system are listed
below

• 1-10 Gbps connections

• Low latency in milliseconds (1 ms)

• 1000x bandwidth per unit area

• 10-100x number of users

• Higher security and reliability

• 90% reduction in network energy consumption

• Up to ten-year battery life for low power devices

• Uses technologies like small cells, beamforming to improve efficiency

Table 1.1 gives a better insight into the evolutionary role of 5G in telecommu-
nication systems. 5G generation networks will be capable of supporting ten times
more simultaneous connections than the 4G version.

A smart world such as smart cities and the most promising idea of IoT are some
new concepts developing so fast along with 5G networks. In order to handle users’
demands, the network must be efficient and cost-effective to support mobility,
power efficiency, reliability, and security. Now, the question is how 5G can take
this big step in telecommunication systems?

Actually, 5G technology will achieve its expected high efficiency using some
modern and complex modulation techniques and some facilities like
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Wireless System Generation
Generation 4G 5G
Latency 10 ms Less than 1 ms
Peak data rates 1 Gbps 10 Gbps
Number of mobile
connections

8 billion (2016) 11 billion (2021)

Channel bandwidth 20MHz 200MHz below 6GHz
Frequency band 600MHz to 5.925 GHz 600MHz–mmWave (for ex-

ample, 28GHz, 39GHz, and
onward to 80 GHz

Table 1.1: Telecommunication system development from 4G to 5G

Figure 1.6: Carrier Aggregation schemes

Carrier Aggregation
Carrier aggregation(CA) is a technique used in LTE advanced to increase the
signal bandwidth by grouping several carriers. The maximum number of allowed
carriers is five, meaning that the maximum achievable bandwidth is 100 MHz.
Aggregating can be done in different techniques as shown in Figure 1.6: intra-
band contiguous in which two carriers are transmitted at neighboring channels
in the same band, Intra-band non-contiguous with two carriers are in the same
band but they are transmitted with channel spacing, and in Inter-band technique,
different LTE bands are used for transmission simultaneously.

Small Cell Concept
In order to increase the efficiency of network, each cell can be divided into micro
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and pico cells. Spectrum re-usability allows to put more users in a small geograph-
ical area, and network can be used more efficiently.

Device to device communication
D2D communication is a technique that gives this ability to the network to let two
adjacent devices communicate with each other directly. When the network is not
accessible, one device can connect to another device.

MIMO Concept
Using multiple antennas in Base Station (BE) and User Equipment (UE), which is
called the Multiple-Input Multiple-Output (MIMO) approach, increases the trans-
mission rate in 5G applications. Transmitted signals in multi-path will be reflected
from buildings, vehicles, and other stuff. The delay originated from these reflected
signals will confuse the receiver side, and information could not be decoded cor-
rectly. In order to increase signal quality, multiple antennas are placed in different
directions. Hence, to implement a MIMO technology, much complex signal pro-
cessing is required at both transmitter and receiver sides.

1.3.3 5G NR

5G New-Radio is a new standard for ultra-fast 5G networks [14]. It will use the
unlicensed spectrum below 6 GHz and above 6 GHz (millimeter range). Some of
the proposed frequency range for 5G NR are: below 1 GHz bands like 600 MHz and
700 MHz for long-range transmission, 1GHz to 6 GHz unlicensed bands for higher
bandwidth and millimeter wave spectrum above 24 GHz range. 5G NR system
will offer a much faster and efficient network that can support billions of devices
and technologies like the Internet of Things (IoT). Table 1.2 shows a proposed
frequency band in the 5G cellular system in different countries [15].

1.4 Standard as a datasheet!

All standards define required specifications for a cellular system and introduce
some techniques to measure them. This part presents a quick review of some
measures to assess an RF receiver based on Texas Instrument notes [16]. For FDD
systems, the transmitter power that leaks through the duplex filter in the RX side
introduces extra distortion power which is

PTXinRX(dBm) = PTXnoise(dBm/Hz) + 10 log10(BW)− ISOTXtoRX(dB), (1.8)

where PTXnoise is the power at the TX output in the RX band, ISOTXtoRX is the du-
plex filter rejection between TX and RX in the RX band, and BW is the bandwidth
of the wanted signal.
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5G Frequency Band
Country/Region Sub-6GHz spectrum spectrum above 6GHz

600MHz 27.5-28.35 GHz
USA 3100-3550 MHz 37-40 GHz

3700-4200 MHz 64-71 GHz
700 MHz (UK)
2.3 GHz (UK)

UK 3.4 GHz (UK) 24.25-27.5 GHz
694-790 MHz
3400-3800 MHz

Japan 3600-4200 MHz 27.5-28.25 GHz
4400-4900 MHz
3300-3600 MHz 24.25-27.5 GHz

China 4400-4500 MHz 37.25-43.5 GHz
4800-4990 MHz

India 3400-3600 MHz 24.5-29.5 GHz

Table 1.2: 5G band frequency division

When a large blocker is adjacent to the desired signal channel and has the same
bandwidth, third-order intermodulation causes some of the blocker power leak into
the wanted signal bandwidth that is called adjacent channel intermodulation. It
can be estimated using the receiver chain’s IIP3

PIM3(dBm) = 3Pblock(dBm)− 2IIP3(dBm), (1.9)

where Pblock is the RMS power of the blocker, and IIP3 is the cascaded IP3 at
the antenna input. As aforementioned for FDD systems, the large TX signal leaks
through the duplex filter into the RX. The intermodulation tone caused by blocker
mixed with leakage from TX can drop in signal bandwidth, and hence its distortion
power is equal to

Ptx× blk(dBm)

= 3
(Pblock(dBm) + PTX(dBm)− ISOTXtoRX(dB)

2
+ AF(dB)

)
− 2IIP3(dBm),

(1.10)

where PTX is the TX output power in the BW of the wanted signal, and AF is the
adjustment factor that is related to characteristics of the blocker.

Another important specification is the adjacent channel selectivity test, which
is a measure of the receiver ability to receive a wanted signal in the presence of
an adjacent blocker. The same concept for blockers measures the ability of the
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receiver to detect a wanted signal in the presence of the blocker, which is not
adjacent to the wanted signal. There are two different blockers test for in-band
and out-of-band. For in-band blocker test, modulated blocker located inside the
band plus a guard frequency range (usually 20 MHz on each side of the band for
LTE). The modulated blocker is a LTE signal with the same bandwidth as the
wanted signal up to 5 MHz, and a 5 MHz LTE signal for 10 and 20 MHz wanted
signals bandwidth. The in-band blocker can be every where in the uplink band to
a minimum distance of 1.5 times of the wanted signal bandwidth. The power level
is either -43 dBm or -38 dBm, depending on the band. The out-of-band blocker is
a CW tone located outside the uplink band plus the guard frequency range.

It is supposed also measure the phase noise of mixer, ADC dynamic range
effect, and some other tests for 5G applications. All of them give a clear picture
of the system capabilities and future developments.

1.5 Conclusion

Wireless systems have been experiencing lots of progress in recent years such as ex-
tending the bandwidth and lowering the power consumption. Providing sufficient
linearity with lots of interferers in the new generation of wireless systems brings
some new challenges for future designs. Hence, by introducing the new genera-
tion of cellular systems and an increasing number of users and higher transmission
rate, it is expected to see the new ideas and structures can handle high bandwidth
signals. Designing a high bandwidth baseband filter in a crowded new communi-
cation ambiance will face serious challenges, especially about linearity that will be
discussed in the following chapters.
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Chapter 2
High Bandwidth TIA for
Current-Mode Receiver

The receiver design has been dominated by using voltage-mode circuits
for many years; however, the reduction of supply voltage by scaling down
of the technology results in challenging issues regarding noise power,
and gain compression at the receiver front-end. Large signal swings can
easily generate non-linearity problems originating from signal clipping
or large distortion. Moreover, the voltage-mode circuit requires high
load impedance, which makes it challenging to use at high frequencies.
To address all these obstacles, current-mode receivers were introduced.
Low impedance nodes generate small-signal swings at both the input
and output of each receiver block, and hence it is expected to have better
linearity and a larger bandwidth in these structures. A Trans-Impedance
Amplifier (TIA) is a base-band filter located after the passive mixer in
the current-mode receiver to amplify a small in-band current to a large
output voltage while attenuating the strong out-of-band current signal.
The TIA structure is a closed-loop system composed of an Operational
Trans-Conductance Amplifier (OTA) with a capacitive feedback load.
In this chapter, a new approach is introduced to provide a stable OTA
for high bandwidth applications. Simulation results show a high linear
base-band filter with low power consumption.

2.1 Current-Mode Receiver

Figure 2.1 shows a saw-less current mode receiver. While traditionally, the LNA
is supposed to be a voltage source, in current mode operation, it is called Low
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Figure 2.1: Current-mode receiver architecture.

Noise Trans-conductance Amplifier (LNTA), which converts input voltage signal
to current at the output. The output current, which is down-converted to base-
band using a passive mixer, is converted into voltage using TIA by doing first-order
filtering on the signal. Since LNTA is the first block in the receiver chain, it is
the most critical block in determining the noise contribution or sensitivity of the
receiver, which all related to providing appropriate matching at its input to the
duplexer. Passive mixers have gained much attention in recent years because of
some characteristics that make them perfectly suitable for low-power solutions.
Since they do not consume DC current, the flicker noise, which is a bottleneck for
zero-IF structure, is noticeably negligible [17].

2.2 Trans-Impedance Amplifier Overview

As mentioned, for the current-mode receiver, the first block after the passive mixer
is a TIA (first order filter) or a higher order filter [18–23]. TIA design aims to
achieve a high gain in the desired signal bandwidth to suppress the noise coming
from the following stages and provide a high out-of-band attenuation to reject large
interferers. Being the first stage in base-band, TIA’s input impedance, noise, and
linearity can limit the overall receiver chain performance. Low input impedance is
necessary to keep the voltage swing sufficiently small at the output of the mixer and
reduce the modulation on the mixer’s switch when large blockers appear. In high
bandwidth applications because of the reduced loop gain of the OTA, close out-
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of-band interference may easily saturate the OTA and increase the non-linearity
distortions. Therefore, a TIA with high linearity and low input impedance over
broadband is targeted. Ideally, the OTA has infinite gain and infinite bandwidth,
meaning that the input impedance of the TIA, ZTIA, is equal to zero (Figure
2.2), but in reality OTA has a finite gain and bandwidth, thus by considering
Zf = Rf ||1/sCf (which is the TIA’s gain) and OTA as an one dominant-pole
block, Av(s) = A0

1+s/ωp
, the TIA’s input impedance equals to

ZTIA =
Zf

1 + Av(s)
=

RfωTIA(s+ ωp)

s2 + s(ωTIA + ωp(1 + A0)) + ωTIAωp(1 + A0)
, (2.1)

where ωTIA = 1/RfCf . Equation (2.1) shows that the limited gain-bandwidth
product (GBW = A0ωp) increases ZTIA and then non-linearity distortion at high
frequency. For instance, the TIA filter in [24] with -3 dB bandwidth of 10 MHz
provides 14 dB rejection at 50 MHz. If Rf = 1kΩ, which means 60 dB transresis-
tance gain in DC, with 1.8 v power supply and a rail-to-rail output, the maximum
amplitude of interferer current signal without saturating the OTA at 50 MHz can
be 9 mA.

To assess the linearity of mixer switches, as long as the drain-source voltage
of a transistor remains far below the saturation voltage VDSAT, the transistor is in
the deep triode region and its on-resistance, Ron is very linear. For example, If the
input impedance around 400 MHz is about 5 Ω, with a large 8 mA interferer at
400 MHz, the voltage swing at the input is 40 mV. For transistors in the strong
inversion region, VDSAT is generally more than 100 mV, and hence with 40 mv
swing, the mixer still works linearly.

The conventional approach to bring down the input impedance and improve
linearity is putting a big shunt capacitor Cin at the TIA virtual ground node,
providing a low impedance path for high-frequency components, as shown in Figure
2.2. This capacitor must be big enough to provide sufficiently low impedance in the
virtual node to bypass interferers and unwanted signals. It can be in the order of
hundreds of pF [20,22]. In addition to increasing the chip area, such a big capacitor
can also inject more noise to the TIA’s output. By inserting input-referred OTA
noise voltage in Figure 2.3, the noise transfer function (NTF) to the TIA output
follows equation below

|NTF| =
(

1 +
Rf

Rmix

)2∣∣∣1 + s(Rf ||Rmix)Cin

1 + sRfCf

∣∣∣2, (2.2)

where Rmix shows the mixer’s output impedance.
Equation (2.2) shows a zero at ωz = 1/Cin(Rf ||Rmix) which shifts to lower

frequencies by increasing Cin. Thus, with a big capacitor, noise contribution starts
to increase from lower frequencies. In the proposed design in this chapter, by
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Figure 2.2: TIA block diagram.

Figure 2.3: OTA’s Noise model in TIA.

decreasing the capacitor value to 8 pF with Rf = 2kΩ and Rmix = 500Ω, it is
expected to see significant noise contribution close to the band edge. However, a
big capacitor at the TIA input can serve several purposes [25]

1. It can bypass the clock harmonics in mixer’s output. For instance Cin = 8pF
shows 5 Ω at 2fLO (fLO=2 GHz) which is significantly smaller than the
switches on-resistance Ron (typically about 20 Ω);

2. As aforementioned, by lowering signal swing at the TIA’s input, the linearity
(IIP2 and IIP3) of mixer can improve even with strong OOB interferers [26].
Since Cin = 8pF is 50 Ω at 400 MHz, to ensure that the impedance after the
mixer Zin=Zi||1/sCin remains low enough to the highest blocker frequency
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(which will be at 400 MHz in LTE, FDD transceiver), an OTA with a high
gain in blockers frequency is needed to lower the ZTIA impedance and overall
ZIN = 1

sCin
||ZTIA.

3. And finally Cin improves TIA’s out-of-band IIP3 by filtering the high-frequency
down-converted interferers.

2.3 The Linearity Requirements Of A Saw-Less

FDD Receiver

As mentioned before, in an FDD system, the leakage from the transmitter to the
receiver input appears as a strong interference. In a wide-band receiver without
SAW-filter and small isolation between TX and RX, the requirements on blocker
tolerance will rise immensely. TX leakage mixes with an out of band blocker (close
to the LO or a LO harmonics frequency) will fall in the desired receiver channel
due to receiver non-linearity [27–29].

To have a better understanding of the linearity requirements, consider the
LTE receiver in which the required minimum sensitivity is -94 dBm at 10 MHz
bandwidth with a QPSK modulation scheme. It is needed to add 6 dB to the
desired signal coming from the predefined blocking tests in LTE standard. Thus,
with 1 dB for minimum SNR and wide-band intermodulation, the allowable noise
power at the Rx input is -89 dBm. With the assumption that the 3rd-order
intermodulation noise is 10 % of the acceptable noise floor, intermodulation is
then computed

PIMD,3 = −89 + 10 log(0.1) = −99 dBm. (2.3)

IIP3 metric can then be extracted

IIP3 =
PCW + 2(PTX − ISO)− PIMD,3

2
, (2.4)

where PCW is the amplitude of CW blocker, PTX is the TX emission power, and
ISO is the isolation between TX and RX.

Due to the standard’s requirements for LTE-Advanced [30], a –15 dBm out-
of-band CW blocker must be tolerated. Figure 2.4 shows a PCW = −15 dBm and
a modulated TX leakage PTX = +23 dBm at predefined offset from RX signal
based on standard. Using (2.4) and considering ISO =+15dB, the required IIP3
to satisfy a given PIMD3 in (2.3) equals +50dBm, which is a noticeable IIP3 value
in real wireless systems.
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Figure 2.4: CW blocker and modulated TX leakage and the 3rd order intermodu-
lation falling in the RX band.

2.4 High Bandwidth OTA Design

In the search for extending the TIA frequency range to use it as a filter in high
bandwidth applications like 5G, the main question is that how it is possible to
design a stable high bandwidth and gain OTA as a core of baseband filter? As
mentioned, the conventional approach to improve the linearity of the mixer and
TIA was putting a big capacitor, for example, 100 pF at the TIA’s input which
can limit the desired bandwidth dramatically. Thus, to extend bandwidth and
improve the linearity of the circuit simultaneously, it is needed to propose a solution
ensuring even by decreasing Cin, the voltage swing at the input of TIA remains
small. An OTA with sufficiently high gain in desired bandwidth provides a low
input impedance ZTIA and compensates the big Cin value with keeping low the
ZIN (Figure 2.2) and then input swing voltage.

To design a high gain OTA in desired bandwidth, a multi-stage OTA is usu-
ally needed to boost the effective transconductance (Gm) of the OTA. Multi-stage
OTAs with multiple poles in the transfer function (TF) increase the risk of in-
stability in the system. The traditional approach to compensating a multi-stages
amplifier is the Miller technique, which provides stability by bringing down the
dominant pole and pushing non-dominant poles to a higher frequency. In this ap-
proach to extend bandwidth, very high Gm stages are needed, which increases the
power consumption a lot.

Figure 2.5 shows another interesting approach introduced by [25], adding some
zeroes to different nodes of the circuit to compensate the phase behavior and make
the circuit stable. The TIA filter has 20 MHz bandwidth with 1.6 GHz unity-
gain bandwidth. The system has two dominant poles introduced by big input
capacitor, Cin, and the first stage’s output pole around 20 MHz. The second stage
is a high-bandwidth stage, which has a pole around unity-gain bandwidth. Hence,
to compensate the dominant pole effects, two zeros were added to the system by
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Figure 2.5: Adding Zero compensation technique

putting Rin in series with Cin at the TIA’s input and RZCZ at the output of
the first stage. These two zeros were located close to the unity-gain bandwidth.
Hence, it is predictable that the phase shift decreases close to unity gain bandwidth
and improves the phase margin of the system. Nevertheless, it is not possible to
increase the bandwidth so much by using this approach. In higher frequencies,
the non-dominant poles appear and constrain the phase behavior improvement.
Hence, what can be done to extend bandwidth more?

2.4.1 Parallel-branch approach to compensate high band-
width OTAs

In this part, the proposed architecture to extend an OTA’s bandwidth will be
presented. The challenge is how to add some zeroes to the system in frequencies
close to unity gain bandwidth?

The idea is using the parallel auxiliary branches. Figure 2.6 shows an OTA
with two parallel branches in feed-forward paths. In the low frequency (Figure
2.6a), only the main path conducts the signal. Thus, there are three stages with
three active poles. By going to the middle-frequency range as shown in Figure
2.6b one feed-forward path will be active and bypasses two first stages in the main
path. Hence, only two stages in this frequency range work actively, it is like one
zero is added to the system.

Finally, in the Figure 2.6c at high frequency, the second auxiliary path bypasses
all other branches. With only one active stage in frequencies close to unity gain
bandwidth, there is only one active pole that can ensure the stability of the system.
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(a)

(b)

(c)

Figure 2.6: Auxiliary parallel branches to add zeros in the different frequency range
to the system, (a)three main stages in low frequency, (b)two stages in middle-
frequency range, and (c) single stage in high frequency

Thus, using parallel branches in high frequency is equal to adding zeros to the
system to improve phase behavior. With several branches in parallel together, the
power consumption of this structure is the main issue. Hence, the question now is
how to design a power-efficient structure?
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Figure 2.7: Saving power by sharing the first stage between main and FFW path

2.4.2 Power-efficient high-bandwidth OTA with feed-forward
compensation approach

Figure 2.7 explains the idea to save power. The system has three stages in the main
path and two stages in feed-forward(FFW). By sharing the first stage between the
main path and FFW path, the FFW circuit’s Gm is boosted instead of using only
one power-hungry stage there. It has been done by putting ac coupling capacitors
at the input and output of the high Gm stage, which makes it possible to separate
dc bias of high Gm stage from others. Thus, not only the high Gm stage control
the circuit behavior in higher frequency, its parallel structure can save the power
efficiently.

As mentioned before, in the low frequency, the main path is active, and in the
high frequency, the FFW one is dominant. Since the FFW path determines the
unity-gain bandwidth of the system, a very large Gm is needed in this path. To
analysis the stability of the system, different loops should be analyzed in the sys-
tem. In the proposed circuit, there are two different loops: the main loop (Figure
2.8a) and the FFW loop, as shown in Figure 2.8b. As is evident in Figure 2.9, the
FFW G-loop has a high-pass behavior, and in high frequency the whole G-loop
response follows it. The main point is adding zero before unity-gain bandwidth
(fu). Thus, the crossing point (when two G-loops of main and FFW paths cross
each other), which introduces the zero, should happen before fu.

By considering the signal path in the FFW loop from Vt to VF (Figure 2.10),
it is obvious that the gain will be lost in the node 1 and 2 because of capacitive
division. Thus, it means that to extend the bandwidth; additional power has to
be burnt in high-Gm stage to have more Gm and then fu. Moreover, since the
high-Gm stage is a three-stacked P-N structure and its output is connected to the
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2.4. High Bandwidth OTA Design

(a) (b)

Figure 2.8: Two different loops in system: (a) main loop which is dominant in low
frequency, and (b) FFW loop which is dominant in frequencies close to unity gain
bandwidth.

Figure 2.9: G-loop response: to improve the phase behavior, two G-loops should
cross each other before the unity gain bandwidth

Figure 2.10: Gain loss and output clipping issue
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2. High Bandwidth TIA for Current-Mode Receiver

Figure 2.11: LFB approach to enhance frequency response

Figure 2.12: Enhance bandwidth in proposed LFB approach in compared to FFW
one at the same power consumption

third stage, the output swing can be limited by the high-Gm stage and this can
affect the circuit linearity.

2.4.3 Proposed structure: using local feedback (LFB) to
compensate high frequency response

By connecting the high-Gm stage to the OTA’s input, as shown in Figure 2.11,
two main issues about the output node swing and signal loss in the FFW approach
will be addressed. By avoiding capacitive division, more unity-gain bandwidth is
achievable for the same power consumption compared to the FFW structure as
shown in Figure 2.12. The local feedback loop consisting of the first and high-Gm
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Figure 2.13: Noise comparison between FFW and LFB approach, input-referred
noise in LFB approach will increase because of the loading effect(ZFF-Load)

stage by loading the input node,ZFF-Load, decreases input impedance which will
increase input noise contribution based on (2.2) (Figure 2.13) . Since for the same
power consumption, boosting the bandwidth is the design goal, the LFB structure
with more, but acceptable noise contribution is an appropriate choice for the high-
bandwidth application. In the following section, some techniques will be presented
to decrease noise contribution in the LFB approach.

2.4.4 Circuit Level Design

The circuit has three stages in the main path and a high-Gm stage in a local feed-
back branch to add high-frequency zero close to the fu to extend the bandwidth.
Figure 2.14a shows the first stage; a P-N cascode structure used to boost the gain
and gm. By doubling the gm in the P-N structure, the power is saved, or for
the same bias current, the noise contribution will be decreased for the first stage,
which is the dominant part in noise contribution view. The top current source in
P-side will be controlled by the common-mode circuit. Since the first stage is a
high gain stage, it has one dominant pole at its output affected by the second and
high-Gm stages loading effect.

The second stage shown in Figure 2.14b has local common-mode feedback in-
side itself to fix the output voltage. At low frequency, the Gm of the circuit equals
only the PMOS transistor’s transconductance (gmp), on the other hand at high fre-
quency, the signal is also amplified with NMOS transistors through CZ capacitors,
as a consequence the overall Gm will be gmp + gmn. From the stability point of
view, there is one pole and zero close together that it is called doublets pole-zero
which are located in ωp-doublet = 1

RZCZ
and ωz-doublet = 1

RZCZ(1+ gmn
gmp

)
. The circuit

takes advantage of doublet pole-zero to extend the bandwidth and improve the
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2. High Bandwidth TIA for Current-Mode Receiver

Figure 2.14: (a)P-N First stage (b)pole-zero doublets second stage

phase behavior of the circuit by canceling the effect of second stage’s output pole.

The output stage is a push-pull stage as shown in Figure 2.15, that benefits the
common-mode circuit to set the output voltage to VDD/2. Figure 2.16 shows the
complicated and challenging high-Gm stage with three stacked P-N stage, meaning
multiply circuit transconductance by a factor of 6. The stage is ac coupled at
input and output with three common-mode feedback stages to fix output nodes.
A common-mode circuit to set the output voltage of the upside pair, one for the
downside, and the other one in the middle to balance the top and bottom. From
a stability point of view, not only the differential stability should be ensured, but
also the common-mode stability must be checked for each common-mode circuit
and for the whole system.

As mentioned before, by loading the TIA’s input node, more noise power will be
injected into the system. Since the high-Gm stage plays key role in high frequencies,
it is possible to make its extra noise contribution to fall primarily out of desired
bandwidth. Thus, by controlling its loading effect in bandwidth range, the noise
contribution will decrease. One possible solution is playing with Rb and Cb values
at the input of high-Gm stage to increase input impedance in bandwidth range.
Moreover, decreasing the gain in the local feedback path can shrink the noise
injection even more by adding RFF and CFF at the output, as shown in Figure
2.16. Figure 2.17 compares the input-referred noise in the modified version of
the LFB approach with the FFW one. Decreasing the gain means that we are
missing the bandwidth at the same time, and hence there is a trade-off between
the bandwidth and noise contribution. By using several common-mode circuits in
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Figure 2.15: Push-pull output stage

Figure 2.16: high Gm stage

Figure 2.17: Decrease the noise injection by adding RC at the output of the high
Gm stage in LFB approach and compare it with FFW approach
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Parameter Value(µm/µm)
Mp1,1 and Mp1,2 100/0.1
Mn1,1 and Mn1,2 76/0.1
Mp1,3 , Mp1,4 , Mn1,3 and Mn1,4 16/0.1
Mp2,1 and Mp2,2 4/0.08
Mn2,1 and Mn2,2 6/0.08
Mp3,1 and Mp3,2 14/0.08
Mn3,1 and Mn3,2 18/0.08
Mp3,3 , Mp3,4 , Mn3,3 and Mn3,4 4/0.08
Mp3,cm1 and Mp3,cm2 3/0.08
Mn3,cm1 and Mn3,cm2 2/0.08
Mpfb,1 , Mpfb,2 , Mpfb,3 , Mpfb,4 , Mpfb,5 , Mpfb,6 18/0.035
Mnfb,1 , Mnfb,2 , Mnfb,3 , Mnfb,4 , Mnfb,5 , Mnfb,6 16/0.035
Resistor Capacitor
Rz=1.5 kΩ Cz=40 fF
Rb=3 kΩ Cb=200 fF
RFF=230 Ω CF and CFF=2.4 pF

Table 2.1: Design parameters’ value

the high-Gm block, the noise injected from the power supply and ground to input
node are expected to be negligible. Design parameters are listed in the Table 2.1.

2.4.5 G-Loop Analysis

To have a better understanding about circuit stability, the system G-Loop, Vf/Vt,
can be calculated by opening the loop at the input of the OTA, injecting a test
signal Vt and observing the return signal Vf as shown in Figure 2.18a and consider
each stage’s poles and zeros position (Figure 2.18b). The first stage has a dominant
pole at around ωP,1=1/RL1Cb and a zero coming from the high Gm stage’s loading
effect at ωZ,1=1/RbCb. There is a pole and zero close together around 2 GHz
and two high-frequency poles after 20 GHz. As mentioned before, the second
stage has doublet pole and zero and the output pole at ωP,2=1/RL2CL2. The
Last stage plus the feedback path has the second dominant pole of the system at
ωP,3=1/RMixCin and a zero ωZ,2=1/RinCin thanks to the input resistor, Rin close
to the unity gain-bandwidth. There are some other poles and zeros that cancel
each other or located at very high frequency. The TIA’s parameters listed in Table
2.2. Figure 2.19 shows the first stage’s zero and the second stage’s pole are in the
same position, and hence cancel each other.
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2.4. High Bandwidth OTA Design

(a)

(b)

Figure 2.18: G-Loop analysis: (a) break the TIA’s main loop (b) find poles and
zeros position to assess the system stability

Figure 2.19: First and second stages’ poles and zeros position

Resistor Capacitor
Rin=10 Ω , RMix=500 Ω Cin=8 pF
RF=2 kΩ CF=1 PF

Table 2.2: TIA’s parameters value
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2. High Bandwidth TIA for Current-Mode Receiver

Figure 2.20: Last stage plus the feedback path with and without considering the
Load effect of ZFF-Load

Figure 2.21: The whole G-Loop response of the circuit, phase goes below zero
degree in some frequency range

Figure 2.20 demonstrates that the local feedback loop by loading the input node
decreases the gain and introduces some complex poles and zeros to the system. The
overall G-Loop response has been shown in Figure 2.21 with more than 80 dB gain.
In some range of frequency, the phase plot goes below zero degree while the gain is
positive. On the other hand, where the gain meets 0 dB, there is sufficient phase
margin to say circuit is stable; now the question is that this system is really stable
or not?

It is a situation called conditional stability and it is not possible to judge
the system stability by only looking at the bode diagram. Thus, in this case,
the Nyquist plot should be checked. As shown in Figure 2.22, although the phase
reaches 180 degrees on the left side of the (-1,0) point, the contour does not encircle
it, therefore the system will be stable. It is obvious in this situation by decreasing
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Figure 2.22: Nyquist plot diagram for conditional stable system

or increasing the gain noticeably, the system can go to instability, for instance, by
injecting a large signal to the system, some stages are forced to saturate, by losing
the gain there is such a possibility for oscillation.

Figure 2.23 shows the magnitude response of the loop in different process cor-
ners and operating temperature. The loop demonstrates stability with GBW=1.16
GHz and 64 degree phase margin(PM) in nominal corner mode. The most critical
corner for stability is Fast-Fast (FF), where poly-silicon resistor,Rin, strong vari-
ations shifts ωZ,2=1/RinCin to a higher frequency, and hence by increasing GBW
to 1.4 GHz,PM will drop to 42 degrees. Montecarlo simulation over 400 samples
denotes the mismatch effect. A standard deviation of 170 MHz around 1.05 GHz
for GBW and of 4.4 degree around 63 degree for PM is obtained, as shown in the
histograms of Figure 2.24.

2.4.6 Linearity Results

As mentioned before, the linearity plays the main factor in TIA design for SAW-
Less receivers. The second-order non-linearity is neglected considering a fully
differential structure for the OTA. The simple approaches to analysis the circuit
non-linearity proposed in different articles, [31–33] is based on a simple model
for each stage shown in Figure 2.25. Each stage is modeled as a transconductor
(gm1), loaded by Zo, and to analyze the non-linearity, only two distortion terms
are considered. The first one due to the transconductance gm3 and the second one
comes from the output conductance gds3. By applying two sinusoidal signals of
amplitude A1 and A2 at frequency ω1 and ω2, the inter-modulation components
power (IM3) located at 2ω1 − ω2, depends on the signal amplitude at the input
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2. High Bandwidth TIA for Current-Mode Receiver

Figure 2.23: Post-Layout loop gain magnitude simulation on nominal corner, SS
corner at +100 °C and FF corner at -50 °C

and output of the each stage as given in the following equations

igm3 =
3

4
gm3A

2
1A2 sin(2ω1 − ω2)t (2.5)

igds3 =
3

4
gds3(A1.|Gw1|)2(A2.|Gw2|) sin((2ω1 − ω2)t+ 2θ1 − θ2), (2.6)

where Gωi and θi are the gain and phase of the each stage at ωi respectively, gm3

and gds3 are the third order non-linear coefficients. The IM3 voltage (vIM,i) at the
output of each stage is found by multiplying the total injected current igm3,i +
igds3,i by the closed-loop output impedance ZoCL,i at fIM3, as given in following
equation

vIM,i =
(3

4
gm3A

2
1,iA2,i +

3

4
gds3(A1,i.|Gw1,i|)2(A2,i.|Gw2,i|)

)
× ZoOL,i(2ω1 − ω2)

1 +GLoop(2ω1 − ω2)
sin(2ω1 − ω2)t, (2.7)

where ZoOL,i is the open-loop output impedance of each stage.
Based on (2.7), two definitions for non-linearity distortion can be presented:

distortion injection and distortion compression. The distortion injected by each
stage in the circuit depends on the voltage swing at the intermediate nodes at the
frequency of the input tones. Distortion compressed by the loop depends on the
loop gain at the IM3 frequency. Generally, it can be said to improve the circuit
linearity, an OTA with sufficiently high bandwidth and gain is needed to compress
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(a) GBW [MHz]

(b) Phase Margin [deg]

Figure 2.24: Montecarlo simulation of GBW and PM of the TIA loop gain

Figure 2.25: Simple non-linearity model of each stage of OTA

distortion and reduce injection. In low frequency, the linearity is expected to be
limited by a large swing at the output of the last stage. Thus, by increasing the
frequency and dropping the TIA’s gain after band edge (80 MHz), it is expected the
to see improvement in linearity in the middle-frequency range. At high-frequency
range where the first stage has still noticeable gain compared to other stages, the
gm non-linearity of the first stage can be dominant.
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Figure 2.26: Input referred IIP3 of the TIA

Figure 2.26 shows the input-referred IP3 (IIP3) for the TIA, as it can be seen
in some frequency range contrary to what was expected, the IIP3 dropped. One
explanation is the loading effect of LFB path at the input node (ZFF-Load); by
decreasing the G-Loop gain and increasing the input node swing, it is obvious to
inject more non-linearity to the system. Again in high frequency, the first stage’s
non-linearity forces IIP3 to fall down, however in a higher frequency range, input
capacitor(Cin) fix input node variation, and by filtering non-linear component, the
IIP3 will increase. Despite weird behavior in the IIP3 plot, it shows such a high
value, more than +54 dBm in all frequency range thanks to high gain made in
G-Loop and conditional stability.

2.4.7 Measurement Results

(Notice: since the fabricated chip starts to oscillate by putting the nominal biasing
current for the first stage (for unknown reasons), a lower current is injected to the
first stage to keep stability. Thus, by missing the G-loop gain, it is expected to
have lower IIP3 in result). As aforementioned, TIA as a base-band filter is the
last block in a current mode receiver depicted in Figure 2.27. To measure the
TIA’s specifications as a stand-alone block, it is disconnected from the front-end
part by switching off the mixers’ switches. The TIA was fabricated by tsmc 28
nm protocols. The whole occupied area is around 0.018 mm2 thanks to decreasing
the input capacitor to 8 pF as listed in Table 2.3. As can be seen in Figure 2.28a,
four stages were put in the vertical plan in layout to provide symmetric design for
better matching. Figure 2.28b shows the chip photograph of the whole receiver
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Resistor Capacitor
Rin=10 Ω , RMix=500 Ω Cin=8 pF
RF=2 kΩ CF=1 PF

Table 2.3: TIA’s parameters value

Figure 2.27: TIA as a base-band filter in Current-mode receiver

Figure 2.28: TIA’s (a)layout structure: vertical design to keep symmetry (b) chip
photograph in 28 nm TSMC technology

and the TIA.

The measurement setup has been shown in Figure 2.29, where the chip was
mounted on the PCB by a bonding machine [25]. The signal goes to the board
by an external balun converting the single-ended input signal to two differential
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Figure 2.29: TIA measurement setup

Figure 2.30: The frequency response of first order TIA filter

ones. Two 500 Ω input resistors (RMix), which do V-I conversion, emulate the
driving resistance of receiver front-end estimated according to [36]. By considering
500 fF differential capacitance for the probe used to measure output signal, Figure
2.30 shows in-band gain measurement and post-layout simulation results of TIA.
The TIA has 11.8 dB gain with 80 MHz cutoff frequency. The output noise power
spectral density (PSD) given in Figure 2.31 shows less than -139 dBm/

√
Hz in-

band noise power. The in-band noise measured with 20-dB probe gain mode
(to overcome the spectrum analyzer’s noise), will increase close to band edge by
decreasing input impedance of TIA due to Cin. The main noise contributors are
driving resistors through the mixer, OTA’s first stage, and feedback resistors. The
input-referred noise power integrated up to 64 MHz (80 percent of bandwidth) is
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Figure 2.31: The output noise power of TIA

State-of-The-Art
Parameter This work ESSCIRC(2019)

F. Fary [34]
Springer(2019)
D’Amico [35]

JSSC(2018)
G. Pini [25]

Technology(nm) 28 28 28 28
Supply(V) 1.8 1.1 0.9 1.8
Order 1 6 3 1
BW(MHz) 80 50 132 20
Power(mw) 4.2 3.63 0.34 5.4
OOB IIP3 54 16.5 5.5 41
Vn,rms 44 540 257 21.1
FOM(dBJ−1) 188 154.8 163.6 176.7
fIM3(MHz) 40 39 119 10
FOMIM3(dBJ−1) 185 153.7 163.2 173.7

Table 2.4: TIA performance compared to other research works

44 µV RMS. The input-referred IP3 measured by applying two tones at 50 and
98 MHz (with inter-modulation frequency at 2 MHz), shows 30.1 dBm compared
to 42.6 dBm in post-layout simulation. To compare the TIA performance with
other State-of-The-Art filter implementations, the figure of merit is defined in two
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different ways as below

FOM = IMFDR3 + 10 log
(N.BW

Power

)
(2.8)

IMFDR3 =
2

3
(IIP3− PN) (2.9)

FOMIM3 = FOM + 10 log
(fIM3

BW

)
, (2.10)

Where N and PN are the filter order and input-referred noise power, respectively.
Table 2.4 shows post-layout simulations of TIA compared to others’ measurement
results.

2.4.8 Conclusion

A high bandwidth TIA as a first-order filter for the current mode receiver was
explained in this chapter. Extending the bandwidth to 80 MHz by using the local
feedback approach and lowering the power consumption in structure and circuit
level, improved the overall performance of the TIA compared to the all other
works. Moreover, the noise power contribution and occupied area on the chip
were decreased by shrinking the input capacitor thanks to the high GBW product
OTA [37].

40



Chapter 3
High Bandwidth Base-band Filter
for 5G Applications

The fifth generation of telecommunication system introduces some new
challenges for receiver design. Trying to extend the bandwidth closed
to 200 MHz and providing sufficient linearity at the same time are the
main critical issues in any recent research works. Designing a high
bandwidth base-band filter that can attenuate out-of-band blockers prop-
erly in new multi-standard applications is the main struggle for design-
ers in 5G systems. Burning less power, especially for mobile appli-
cations and improving the sensitivity, are also other parameters that
should be considered in any new design. In this chapter, a third-order
base-band filter in a current mode receiver is explained. The filter,
which consists of a second-order Rauch filter and a first-order TIA as
a buffer, has 200 MHz bandwidth, and it is supposed to provide more
than 15 dBm, OIP3 at the output of receiver chain. A feed-forward
approach in both Rauch and TIA filters is used to make them stable.
Post-layout and measurement results show that the circuit accurately
follows the design specifications.

3.1 Current-Mode Receiver for 5G application

Figure 3.1 shows a current-mode receiver with +46 dBm maximum gain in the
whole chain. The receiver has two transformers to control the gain in the whole
chain. The baseband filter after the passive mixer with 8 GHz local oscillator has
two different modes: low-mode frequency from dc to 200 MHz and high-mode one
from 400 MHz to 1 GHz. In the low mode, the baseband filter is going to be
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Figure 3.1: 5G Current-mode receiver block diagram

designed in such a way to have gain variation and bandwidth control possibility.
Some gain variation also is defined in LNTA stage and transformers to provide
44 dB total gain control in the receiver side. The whole receiver chain should be
sufficiently linear to provide more than 15 dBm of OIP3; and it is expected to
have less than 5 dB for noise figure(NF) in maximum gain mode. The Figure 3.2
shows the variable gain LNTA structure plus transformer; the LNTA has a P-N
structure to save power.

3.2 Low-mode baseband filter structure

The low-mode baseband filter is a third-order filter composed of a second-order
Rauch filter plus first-order TIA, as shown in Figure 3.3. Rauch filter has four
stages in the main path and one parallel feed-forward branch(FF) to guarantee
stability in the high-frequency range. TIA with the same structure has three
stages in its main path, so with two different loops working together, the main
challenge is keeping the stability of the whole chain. The filter gain is going to
be changed in TIA’s part by variable resistors, Rvar, and filter bandwidth will be
controlled by changing the resistors and capacitor values in four modes: 25, 50,
100 and 200 MHz bandwidth.
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Figure 3.2: LNTA structure

Figure 3.3: Third-order baseband filter: 2ndRauch+ 1stTIA

3.2.1 Filter loops stability

Following the same approach as in the previous chapter, to consider the loop
stability, it is preferred to break each loop to two different loops: one loop included
the main path is dominant in the low-frequency range and the other one passing
through the feed-forward path for higher frequency range as shown in Figure 3.4a
and b. In low-frequency range, the main path is dominant, and in higher frequency
close to unity gain bandwidth, the FF path determines the G-loop response. As
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Figure 3.4: The Rauch filter G-loop: (a) two main and FF loops (b): The main
and FF G-loops’ domination parts in frequency range

Resistor Capacitor
Rin=90 Ω Cin=8.5 PF
Rf−rauch=2 kΩ Cf−rauch=250 fF
Rvar=250 Ω Cvar=1.5 PF
Rf−TIA=1 kΩ Cf−TIA=600 fF

Table 3.1: Rauch filter’s resistors and capacitors value

mentioned before, the FF auxiliary branch by adding zero to the system and
improving its phase behavior extends the bandwidth and keeps the stability of the
circuit. Figure 3.5a and b show the whole G-loop responses for Rauch and TIA
filters based on the filter’s design parameter value shown in Table 3.1, the mixer
loading impedance, RMix, is around 200Ω. The unity-gain bandwidth and phase
margin for Rauch and TIA loops are 2.4 GHz ,68 degree and 4.3 GHz, 54 degree
respectively, which guarantee the whole system stability.

In addition to differential loops in Rauch and TIA parts, there are several
common-mode loops in the circuit that must be checked for stability. The main
concern for common-mode stability comes from the Rauch filter’s main path loop
which has four stages, where a differential loop has a negative feedback response,
a common-mode loop will show a positive feedback one. By keeping the gain of
common-mode G-loop, sufficiently lower than 0 dB, the circuit can be stable even
with positive feedback. Figure 3.6 shows the common-mode G-loop gain, which is
around -40 dB at 10 GHz, so even with a positive loop, the circuit will not oscillate.
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Figure 3.5: Filter G-loop response: (a)Rauch filter G-loop (b)TIA G-loop

Figure 3.6: The Rauch filter common-mode G-loop response

3.2.2 The receiver specifications

As aforementioned, the receiver has 46 dB gain at maximum level, and as shown in
Figure 3.1, the gain can be controlled in different stages. The first and intermediate
transformers provide 18 dB gain variation, 8 dB gain control in LNTA, and finally
18 dB for baseband filters. Figure 3.7 shows 18 dB gain variation with 6 dB step
from 46 dB to 28 dB. The gain changes by the variable resistor in front of the TIA
filter that controls TIA’s gain. Figure 3.8 also shows the gain variation controlled
by transformer(3dB) and LNTA(8dB). The filter is expected to have more than 33
dB filtering at a frequency equal to four times its bandwidth and less than 1 dB
gain ripple in the flat region. The filter bandwidth can be controlled by changing
the capacitor values from 25 MHz to 200 MHz as shown in Figure 3.9. The filter
satisfies more than 33 dB rejection and less than 1 dB fluctuation in bandwidth
range.

To check the circuit linearity, two tones at 175 MHz and 170 MHz are applied to
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Figure 3.7: Receiver gain variation by filter’s gain controlling

Figure 3.8: Receiver gain variation by front-end stages’ gain controlling

Figure 3.9: Filter bandwidth variation
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Gain(dB) NF(dB) Requested
NF(dB)

OIP3(dBm) Requested
OIP3(dBm)

46 4.94 5 38.7 15
40 4.97 9.2 36.2 15
34 5.06 13.4 31.1 15

Table 3.2: The whole receiver chain simulation results, NF and OIP3

the receiver input. By looking at 180 MHz as the intermodulation frequency, more
than 15 dBm output IP3 is needed in all gain levels in the whole receiver chain.
From the noise point of view, the NF in maximum gain level should be less than
5 dB, and it is expected to increase 0.7 dB by each dB gain degradation. Table
3.2 summaries the simulation results for the whole receiver chain. It is clear that
decreasing the gain will drop the output IP3, and increases the noise contribution;
however, Table3.2 shows the results meet the requested specifications for all gain
values.

3.3 Second order filter design

Although high order baseband filters design can increase the design challenges
compared to the first-order filters (like TIA), they can provide more freedom for
designers [20, 22, 38]. In the following sections, the second-order Rauch filter will
be explained and compared to other structures.

3.3.1 Rauch filter properties

A well-known structure that can implement a 2nd order filter using only an OTA is
Rauch filter [39]. Figure 3.10 shows a Rauch filter by considering the mixer driving
impedance as a resistive load(Rm). The signal transfer function, H(s) = VOUT/IIN ,
of the Rauch filter is a biquad equation

H(s) =
G

1 + s
ω0Q

+ s2

ω0
2

(3.1)

in which: G = R2 , ω0=
√

1
R1C1R2C2

, Q= 1

ω0C2

(
R1+R2+

R1R2
Rm

)
Based on Table 3.1, the quality factor(Q) and ω0 of proposed Rauch filter are

around 0.83 and 255 MHz respectively; which guarantee less than 1 dB inband
ripple for 200 MHz bandwidth. Moreover, 8.5 pf input capacitor with the total
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Figure 3.10: Rauch filter model

resistive impedance equal to 60Ω at the input can provide sufficient linearity and
noise power at the output node. The feedback resistor R2 determines the inband
trans-impedance gain and the time constants R1C1 and R2C2 set the selectivity.
The Rauch filter’s input impedance behaves like an RLC resonant network because
of a gyrator circuit created by R2 and the integrator 1

sR1C2
. At low frequency,

the virtual-ground node follow the inductance behavior, while after the cut-off
frequency, the impedance will be set by C1 as shown in Figure 3.11, where A(s)
is the OTA’s transfer function. At the cut-off frequency, the inductance and the
capacitance resonate together, and the input impedance meets its maximum value
equal to 2R1.

Figure 3.12 shows different components’ noise contribution. The noise transfer
function of each element at the output node can be expressed by the following
equations

Vout,n
Vn,r2

=
1

S2(R1C1R2C2) + SC2(R1 +R2) + 1
(3.2)

Vout,n
Vn,r1

=
1 + SR2C1

S2(R1C1R2C2) + SC2(R1 +R2) + 1
(3.3)

Vout,n
Vn,ota

= 1 +
1 + SR2C1

S2(R1C1R2C2) + SC2(R1 +R2) + 1
. (3.4)

While the noise transfer function of R2 is flat in-band and follows the signal
transfer function, thanks to the high pass noise shaping due to zero at 1/R2C1

for input resistor, R1 and OTA, they have a less in-band contribution in output
integrated noise power [40]. The noise amplification can be reduced by shifting the
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Figure 3.11: Differential input impedance of Rauch filter

Figure 3.12: Different components’ noise contribution in Rauch filter

zero position further to a higher frequency. It is possible by decreasing the input
capacitor value, C1, but to keep the same cut-off frequency, the input resistor, R1

should be increased which means there is a trade-off between noise contribution
and input impedance.

Figure13.13 shows the open-loop model of Rauch filter, which gives a better
insight into its poles and zeros positions. By calculating the transfer function
between Vt and Vf , the G-loop introduces two poles in low frequency at(R2, rout
>> R1)

ωp1 =
1

C1

[
(R2 + rout)||Rm]

(3.5)

ωp2 =
1

(C2 + CL)(R2||rout)
, (3.6)
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3. High Bandwidth Base-band Filter for 5G Applications

Figure 3.13: Open-loop model of Rauch filter

Figure 3.14: Second order filters: (a) two real poles filter, (b)Two Thomas biquad
filter

and a high frequency pole at

ωp3 =
1

R1
C2CL

C2+CL

(3.7)

The loop also has two complex conjugated zeros that keep stability of the whole
structure.

3.3.2 Second order filters comparison

In this section, the Rauch filter performance will be compared to two other second-
order filters, as shown in Figure 3.14. While for the filter with two real poles, the
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3.4. Circuit level design

Filter structure Two real poles filter Two Thomas filter Rauch filter
Selectivity Medium High High
Input impedance Medium Medium Low
Linearity Medium Medium High
Noise Medium Medium Low
Power Medium Medium Low

Table 3.3: Second order filters’ performance comparison

Figure 3.15: First stage circuit in Rauch and TIA filers

quality factor, Q, is always less or equal to 0.5 which results in poor selectivity
but good stability [41], the Two Thomas design can have a Q larger than 0.5 with
complex conjugated poles; however, to provide sufficient linearity in this structure,
the system should burn lots of power to extend the bandwidth and boost the gain
for OTAs. Table 3.3 compares different parameters in Rauch and two other filters.
As the table shows, the Rauch filter can provide a low power and noise design with
good selectivity compared to other structures, so Rauch filter is one of the best
choices for high linear and low power baseband filters in the new high-bandwidth
generation of telecommunication systems.

3.4 Circuit level design

This part talks about the whole baseband filter structure at the circuit level. Fig-
ure 3.15 shows the first stage in both Rauch and TIA structure. The first stage
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3. High Bandwidth Base-band Filter for 5G Applications

Figure 3.16: Middle stages in Rauch filter: (a) simple differential circuit (b) doublet
pole and zero structure

has local common-mode feedback through Mp1,3 and Mp1,4 to fix output nodes
and benefits from a power-efficient parallel P-N structure to increase the circuit
transconductance(gm).

The first stage has a dominant pole at the output node and its effect on phase
behavior is modified by adding a zero through a series RC net, Rz1 and Cz1 to that
node. The second and third stages in Figure 3.16 play role as the middle stages
to boost the gain. The second stage is a simple PMOS differential stage and the
same idea like the first stage, the added zero by the RC network at the output
node improves the overall phase behavior of the system. The third stage has a
doublet pole and zero structure like the TIA circuit in the previous chapter, and
as aforementioned, it helps to provide a sufficient gain in a high-frequency range.
The last stage in the main path is a P-N circuit, as shown in Figure 3.17. To fix
the circuit output, two common mode circuits for P and N side are used to provide
proper symmetry between the top and downside of the last stage and guarantee
common-mode stability.

The feed-forward stage with a folded cascode structure, bypasses the middle
and last stages, as shown in Figure 3.18. By ac coupling at input and output
nodes and putting four transistors in each branch, the total Gm is boosted by a
factor of four. Mixing the folded cascode and parallel approach ideas introduces a
power-efficient structure with sufficient room for a swing at the output node, which
is important for the linearity of the whole circuit. As mentioned in the previous
chapter, the low voltage room at the output node by potentially saturating some
stages can decrease stability and even make the whole system unstable. Like the
last stage, there are two common-mode feedback circuits for upside and downside
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3.4. Circuit level design

Figure 3.17: Last stage structure: (a) parallel P-N circuit (b) common mode circuit

Figure 3.18: Folded cascode structure of feed-forward stage

to keep fixed the output nodes.

Table 3.4 shows all components value used in Rauch filter design. While the
first stage is the main power-hungry stage with 1.5 mA, the last and feed-forward
stages burn 1 mA. The total current consumption in Rauch filter is 5.3 mA with
1.5 V voltage supply. The TIA filter with three stages in the main path and the
feed-forward stage that connects the first stage’s output to the last one has the
same stages similar to Rauch filter. Table 3.5 summaries all components value in
TIA filter.
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Parameter Value(µm/µm)
Mp1,1 , Mp1,2 , Mn1,1 and Mn1,2 80/0.04
Mp1,3 , Mp1,4 20/0.1
Mp2,s 8/0.2
Mp2,1 and Mp2,2 8/0.08
Mn2,1 and Mn2,2 4/0.08
Mp3,s 12/0.2
Mp3,1 , Mp3,2 4/0.08
Mn3,1 and Mn3,2 2/0.08
Mn4,1, Mn4,2 , Mp4,1 and Mp4,2 8/0.08
Mn4,3, Mn4,4 , Mp4,3 and Mp4,4 2/0.08
Mp,cm1 , Mp,cm2 8/0.08
Mn,cm1 , Mn,cm2 8/0.15
Mn,cm3 , Mn,cm4 24/0.15
Mnfb,1, Mnfb,2 , Mpfb,3 and Mpfb,4 19.2/0.03
Mpfb,1, Mpfb,2 , Mnfb,3 and Mnfb,4 14.4/0.03
Mpfb,5, Mpfb,6 , Mnfb,5 and Mnfb,6 4.8/0.03
Resistor Capacitor
Rz1=120 Ω Cz1=50 fF
Rz2=500 Ω Cz2=150 fF
Rz3=250 Ω Cz3=100 fF
Rz,cm=3 kΩ Cz,cm=100 fF

Table 3.4: Rauch filter’s transistors size

Parameter Value(µm/µm)
Mp1,1 , Mp1,2 , Mn1,1 and Mn1,2 40/0.04
Mp1,3 , Mp1,4 20/0.06
Mp2,s 10/0.2
Mp2,1 and Mp2,2 12/0.08
Mn2,1 and Mn2,2 3/0.08
Mn4,1, Mn4,2 , Mp4,1 and Mp4,2 12/0.08
Mn4,3, Mn4,4 , Mp4,3 and Mp4,4 6/0.08
Resistor Capacitor
Rz1=500 Ω Cz1=250 fF
Rz2=750 Ω Cz2=120 fF

Table 3.5: TIA filter’s components value

54



3.5. Measurements Results

R-matching R1 R2 C-parasitic C-probe
55 Ω 500 Ω 110 Ω 8 pF 500 fF

Table 3.6: Components value on the PCB

Figure 3.19: Rauch filter’s: (a)chip photograph (b) layout design structure

3.5 Measurements Results

A second-order Rauch filter was fabricated in 28nm TSMC technology. The Rauch
filter plus an output buffer occupies around 0.027 mm2 of the chip area. The Rauch
layout keeps symmetry in design thanks to its vertical structure shown in Figure
3.19. To test the Rauch filter as a stand-alone circuit, the differential signal was
applied from outside through an off-chip balun which is a transformer with a turn
ratio of one, so a 55Ω resistor is used after that to provide proper matching to the
input source. Figure 3.20 shows the Printed circuit board(PCB) made to test the
Rauch filter and measurement test bench.

Table 3.6 shows components value inside or off-chip located on the PCB. The
filter gain can be controlled in two different levels by using resistors R1, R2 and
output switches. The output buffer is supplied by 6mA off-chip current source
through a bias-Tee, which isolates the DC and RF parts of the circuit and protects
the chip against supplies’ noise. Bias-Tee circuit is a combination of variant in-
ductors and capacitors which can work properly from low to high-frequency range;
measurement result shows less than 1.5 dB insertion loss for bias-tee from DC to
around 800 MHz. All measurements for gain and linearity tests have been done

55



3. High Bandwidth Base-band Filter for 5G Applications

Figure 3.20: Rauch filter:(a)PCB (b)measurement test bench

by Rohde and Schwarz RT-ZD40 differential probe.

To change the filter gain, digital bits are applied to output switches located
before buffers. Figures 3.21 and 3.22 show the post-layout and measurement results
for the Rauch filter in low and high gain modes which are 3.6 dB and 16.5 dB,
respectively. The measurement responses show almost flat responses in bandwidth
and perfectly follow the post-layout ones with less than 1 dB difference. Noise
measurement has been done by AP033 active differential Probe. Probe can provide
gain by a factor of 10 which is a typical setup for noise measurements.
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3.5. Measurements Results

Figure 3.21: Rauch filter’s low-gain mode

Figure 3.22: Rauch filter’s high-gain mode

Figure 3.23 compares the output noise power of post-layout and measurement
results. The measurement result follows post-layout one with less than 2 dB coming
from bias-tee and some parasitic elements at the output node. The simulation
results also show that the input resistor, Rin = 90Ω has the main contribution in
noise power. The simulation result for NF, by putting the fabricated Rauch in the
receiver chain, shows around 4.5 dB which is less than the proposed number, 5dB,
in design goals.

To test the linearity, two tones should be applied to the circuit to measure the
inter-modulation tone at the output. To see the effect of the in-band tone, two
tones applied at 180 MHz, 190 MHz, and by measuring the output IM3 at 170
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Figure 3.23: Rauch filter’s output noise

S

Figure 3.24: Output inter-modulation tone amplitude by applying two tones at
180 and 190 MHz

MHz as shown in Figure 3.24, the input-referred IP3 in low-gain mode is +14.3
dBm compared to +16.5 dBm calculated in post-layout simulation. With the same
measurement procedure, by applying two out-of-band tones at 300 MHz and 430
MHz, measured and simulated IIP3 are +17.7 dBm and +18.9 dBm, respectively.
The measurement results again show that the fabricated filter can satisfy design
requirement which is more than +15 dBm OIP3.

The inter-modulation tone’s position effect on linearity is analyzed by applying
the first tone at 100 MHz and moving the second one from 10 MHz to 190 MHz
by step 10 MHz, the measured IIP3 will drop by moving the IM3 tone to a higher
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3.5. Measurements Results

S

Figure 3.25: Output inter-modulation tone amplitude by applying two tones at
300 and 430 MHz

S

Figure 3.26: IIP3 in terms of IM3 tone position

frequency as shown in Figure 3.26. By getting close to the band edge and losing the
G-loop gain, the non-linearity is expected to increase, so the IIP3 drops, as shown
in the plot. In addition to IIP3 measurement, 1-dB gain compression point can
show the system linearity from a different point of view. Figure 3.27 demonstrates
-3.2 dBm as 1dB input compression point by applying 100 MHz tone and changing
the input tone power from -30 to 0 dBm. Since the measurement has been done
in high-gain mode, so the output can easily swing rail to rail without saturation
concern. To have a better understanding of the design performance, Table 3.7
compares the Rauch filter’s measurement results with other similar research works.
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S

Figure 3.27: 1dB gain compression plot

State-of-The-Art
Parameter This work IEEE

Trans.(2012)
S.D’Amico
[42]

IEEE
Trans.(2013)
Le Ye [43]

ISSCC(2015)
J.Lechevallier
[44]

Technology(nm) 28 90 180 28
Supply(V) 1.5 1.2 1.8 1
Order 2 6 6 3
BW(MHz) 200(-1dB) 255(-3dB) 240(-3dB) 459(-3dB)
Power(mw) 7.9 2.28 4.1 5.6
IIP3(dBm) 14.3 14 12.5 2.4

f1 : 180 MHz f1 : 70 MHz f1 : 300.5 MHz

f2 : 190 MHz f2 : 80 MHz f2 : 299.5 MHz

Vn,rms 68 199 203 126
IMFDR3(dB) 56.5 50 49 45

FOMIM3(dBJ−1) 162.9 162 ... 157

Table 3.7: Rauch filter performance compared to other research works

3.6 New idea

As mentioned before, the resistor Rin at the input of the Rauch filter has the
main contribution in noise power, so decreasing this resistor can improve the noise
behavior of the system. To design a third order filter with Rauch and TIA parts,
one interesting solution can be changing their positions by putting the TIA as
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3.6. New idea

Figure 3.28: New structure to improve the noise behavior

Resistor Capacitor
Rin−TIA=10 Ω Cin−TIA=4 pF
Rf−TIA=1.4kΩ Cf−TIA=600 fF
Rvar=250 Ω Cvar=1.2 pF
Rin−Rauch=100 Ω Cin−Rauch=10 pF
Rf−Rauch=1.4kΩ Cf−Rauch=300 fF

Table 3.8: Design components value

Gain(dB) NF(dB) OIP3(dBm)
45.5 3.25 33.8
39.5 4.15 33.5
33.5 6.95 31.8

Table 3.9: Design components value

the input stage, as shown in Figure 3.28. The TIA’s input resistor, Rin−TIA is
around 10 Ω compared to 90 Ω for Rauch filter. Table 3.8 summarised the design
components’ value for the proposed structure in which the input capacitor is only
4 pF. Figure 3.29 and 3.30 show the whole receiver chain’s frequency response in
different gain and bandwidth levels. All plots satisfy design specifications, less
than 1 dB gain fluctuation in bandwidth and more than 33 dB filtering from 200
MHz to 800 MHz.

Table 3.9 presents the NF and OIP3 results. By comparing the new result with
the old ones, it is obvious the NF in high gain level drops from 4.94 dB to 3.25 dB
by decreasing the input resistor.
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3. High Bandwidth Base-band Filter for 5G Applications

Figure 3.29: Receiver chain gain variation

Figure 3.30: Receiver chain bandwidth variation

3.7 Conclusion

The new generation of telecommunication systems for 5G applications need base-
band filters that provide sufficient filtering in different gain and bandwidth levels.
The baseband filter designed in this chapter was a third-order filter using a com-
bination of second-order Rauch and first-order TIA filter. The proposed filter has
200 MHz in maximum bandwidth level and respects all design requirements with
NF less than 5 dB and OIP3 more than +15 dB for the whole receiver chain.
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3.7. Conclusion

The measurement results of the fabricated chip to test the Rauch part follows
post-layout simulation results accurately. The new structure also was suggested
to improve the noise power contribution of whole chain.
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Conclusion

The new generation of the wireless system opened new challenges by introducing a
higher data rate. Higher bandwidth, which means more interferer closed to band
edge, introduces some new challenges, especially about linearity for SAW-LESS
receivers.

In this thesis, two high bandwidth baseband filter for current mode receivers
were presented. The first one was a TIA with 80 MHz using a local feedback
approach to extend the bandwidth and make the circuit stable. Thanks to the
conditional stability concept, the linearity of the circuit in and out of the band
shows the IIP3 more than +54 dBm. With the parallel structure used in different
stages, the power consumption is almost 4.4 mW.

The next one is 200 MHz third-order filter designed for 5G applications. A
combination of second-order Rauch filter plus TIA with less than 1 dB ripple in
bandwidth made the third-order filter, which provides more than 33 dB filtering
beyond 800 MHz. Moreover, the gain and bandwidth of the filter can be changed
in the receiver chain. The manufactured chip is the Rauch part that shows proper
matching with post-layout results. The filter has NF less than 5 dB and OIP3
more than 15 dBm. Since in Rauch filter, the main noise contributor is the input
resistor, to decrease the noise power, the proposed idea is using TIA as the first
stage in a third-order filter.
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