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TELECOMUNICACIONES

BUCARAMANGA
2019



FRONT-END CIRCUIT TECHNIQUES FOR HIGH SPEED INTERFACES

CRISTHIAN ROLANDO TORRES DELGADO

Trabajo de grado presentado como requisito para optar al tı́tulo de
Magister en Ingenierı́a de Telecomunicaciones

Director
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Resumen

TÍTULO: Técnicas de circuitos de interfaces de alta velocidad. ∗

AUTOR: CRISTHIAN ROLANDO TORRES DELGADO †

PALABRAS CLAVES: interfaces de alta velocidad, ecualizador lineal, técnicas

de circuito.

La demanda por comunicaciones más rápidas en aplicaciones con alto con-

tenido multimedia ha incrementado las velocidades de datos de los circuitos de

E / S integrados en los sistemas para centros de datos y productos electrónicos

de consumo. Para lograr estas velocidades de datos en dispositivos electrónicos

de bajo precio, las interfaces de alta velocidad requieren mejorar su ancho de

banda manteniendo el consumo de energı́a y los costos de producción y desar-

rollo. La integración de interfaces de alta velocidad utilizando la tecnologı́a CMOS

de canal largo contribuye a minimizar los gastos de producción. Sin embargo, la

adopción de transistores de canal largo causa capacitancias parásitas grandes,

lo que requiere altas corrientes de polarización en el transistor para amplificar

a altas frecuencias. Mientras tanto, los costos de desarrollo pueden reducirse

reemplazando el trabajo humano con algoritmos y funciones automatizadas real-

izadas por computadoras. Este trabajo explora tres técnicas de circuito utilizadas

en el extremo receptor de las interfaces de alta velocidad destinadas a contribuir
∗Trabajo de Investigación.
†Facultad de Ingenierı́as Fisicomecánicas. Escuela de Ingenierı́as Eléctrica, Electrónica y

de Telecomunicaciones. Director: Élkim Felipe Roa Fuentes. Codirector: Luis Eduardo Rueda
Guerrero.
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a la reducción de los gastos en diseño, caracterización e integración. El primero

supera las limitaciones de frecuencia del transistor MOS, manteniendo el con-

sumo de energı́a en los circuitos de ecualización. El segundo busca reemplazar

el equipo de prueba, y el tercero reduce el trabajo humano. Finalmente, las

técnicas de circuito se aplican en tres circuitos diseñados e implementados en

una interfaz analógica para un receptor estándar compatible con USB 3.0.
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Abstract

TITLE: Front-end Circuit Techniques for High-Speed Interfaces ‡

AUTHOR: CRISTHIAN ROLANDO TORRES DELGADO §

KEYWORDS: High-speed interfaces, linear equalizer, circuit techniques.

The demand for faster communications in richer media content applications

has increased the data rates of I/O circuits integrated into systems for data cen-

ters and consumer electronics. To achieve these data rates in low-priced elec-

tronics, the high-speed interfaces require to enhance its bandwidth keeping fair

its power consumption and production and development costs. The integration of

high-speed interfaces using long-channel CMOS technology contributes to min-

imizing production expenses. However, the adoption of long-channel transistors

causes large parasitic capacitances, requiring high transistor currents to amplify

at high-frequencies. Meanwhile, the development costs can be reduced replacing

human labor with algorithms and automated functions performed by computers.

This work explores three circuit techniques used in the receiver-end of high-speed

interfaces aimed to contribute to the reduction of the expenses in design, char-

acterization, and integration. The first overcome the frequency limitations of the

MOS transistor, maintaining power consumption in equalization circuits. The sec-

ond replaces testing equipment, and the third reduces human labor. Finally, the
‡Research Work
§Facultad de Ingenierı́as Fisicomecánicas. Escuela de Ingenierı́as Eléctrica, Electrónica y

de Telecomunicaciones. Advisor: Élkim Felipe Roa Fuentes. Coadvisor: Luis Eduardo Rueda
Guerrero.
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techniques are applied in three circuits designed and implemented in an analog

front-end for a compliant USB 3.0 standard receiver.
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INTRODUCTION

New applications such as telemedicine, streaming videogames, and the multi-

end video incorporate rich media content and real-time execution features, ex-

panding data traffic in electronic handheld devices and data centers (2). Demand

for data traffic has been partially satisfied by increasing the number of I/O pins

per component. However, expanding of I/O pins is not feasible for systems con-

strained in area and number of pins. Due to this limitation, the new communication

standards tend to increase the per-pin data rate, as is shown in Fig.1 (1; 3). To

support the increase of data speeds, the I/O circuits require to enhance the pin

bandwidth while maintaining its power consumption.

The implementation of high-speed interfaces is a challenge, especially in low-

price low-volume electronic devices. Due to a restricted budget, inexpensive elec-

Figure 1. Per-pin data rate evolution for a variety of common standards(1).
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Figure 2. Foundry wafer cost in different CMOS technology nodes(4).

tronic products require to minimize expenses in development, characterization,

and implementation. To keep low implementation costs is necessary to reduce

the costs of circuit fabrication. As Fig.2 shows the cost of silicon wafers depend

on the CMOS fabrication technology. Therefore, the choice of cheaper CMOS

technologies implies circuit integration using long channel transistors. The en-

large transistor size causes larger parasitic capacitors. Due to the effect of these

capacitances, the transistor behaves as a low-pass filter, making difficult to reach

gain in frequencies near to transistor transition frequency (fT ).

A high-speed interface can be modeled as is depicted in Fig.3. At high fre-

quencies, the channel experiences skin effect and dielectric losses. These dis-

persion losses grow proportionally to the frequency increase. Thus, the com-

munication channel acts as a low-pass filter. This low-pass behavior affects the

16



Figure 3. Typical transceiver for high-speed interfaces.

integrity of high-frequency signals causing data corruption and the potential loss

of information (5; 6). To overcome these issues and achieve a successful data

transmission, the analog front-end needs to boost the gain of high-frequency sig-

nal components counteracting the channel attenuation. However, if the receiver

circuit is integrated using low-cost CMOS technology, the high-speed I/O design

became limited by the underlying technology. Therefore, the integration of high-

frequency circuits into low-price CMOS technologies requires the application of

broadband circuit techniques. The objective of these techniques is to obtain best

performance of the CMOS technology and compensate the signal losses caused

by the transmission channel.

As is depicted in Fig.4, the gain losses produced by the channel can be al-

leviated producing the channel inverse transfer function. The analog front-end

block of new high-speed links integrates circuits such as continuous time linear

equalizer (CTLE) and variable gain amplifier (VGA) to mitigate the gain losses.

The design techniques employed in equalization circuits aim to get the best ra-

tio between gain, bandwidth, and power consumption. To achieve this goal, the

majority of the equalizer architectures reported in the literature employ two circuit

topologies. The first technique attempts to reduce the effect of the transistor para-

17



sitic capacitances, and the second aims to increment the transconductance of the

amplification stage at higher frequencies. The design techniques used in broad-

band equalizers comprise the integration of inductances, negative capacitances,

and the addition of extra transconductance. Although several works report equal-

ization circuits for a variety of standards and specifications, the literature lacks a

work that brings together all the circuit methods employed in linear equalization

circuits. The reporting of an equalization topologies summary gives the possibility

of compare each technique advantages and issues.

The scale-down of the implementation expenses is not enough to accomplish

a remarkable drop in the final cost of electronic components. The leading cause

on the high price of chips is the payment of skilled labor needed for the design

and testing stages of integrated circuits (4). Accordingly, replacing or decreasing

human labor, with algorithms and automated functions performed by computers, it

is required to reduce the chip final cost. Reaching to contribute to this approach,

this research work presents two circuit solutions to reduce the human time re-

quired in circuit design and validation. The first circuit consists of an on-chip eye

diagram characterization circuit for high-speed interfaces. The circuit adjusts the

phase time and comparison voltage level of a comparator to modify the sam-

pling point. The bit error rate (BER) measurement is employed to determine if

each selected sampling is inside or outside the eye diagram. This characteriza-

tion scheme allows replacing expensive scopes required to validate interfaces in

higher frequencies. The second circuit generates the bias current reference of

the analog circuits that comprise the analog front-end. The number of required

bias current reference depends upon the number of analog circuit blocks, and

peripherals vary with each particular integrated system. The bias current refer-

ence source implemented in this work is modular. This characteristic allows the

18



Figure 4. Ideal equalizer transfer function

selection of the number of outputs, and the bias current can be adjusted accord-

ingly with the currents required by the system. The modular feature reduces the

designing time and contributes to getting lower chip final costs.

This research work explores multiple circuit techniques applied in the design of

VGA and CTLE circuits integrated into high-speed wireline links. As a conclusion

of these comparisons, the thesis proposes a circuit design of a VGA with equal-

ization function integrated. The VGA-CTLE circuit achieves the specifications for

the USB 3.0 standard, with an operating frequency of 2.5GHz, and it is integrated

into a TSMC 0.18µm CMOS technology. Additionally, the thesis proposes the

implementation of a characterization technique to build the eye diagram at the re-

ceiver of high-speed links without interruption of the data transmission. The main

advantage of the proposed circuit technique is the characterization of eye diagram

at the receiver of the high-speed link without any expensive equipment. Finally,

the thesis introduces two versions of bias current reference circuit with modu-

lar implementation. The current reference circuit has a remarkable performance

against process-voltage-temperature (PVT) variations obtaining a maximum error

of 0.6% for the current reduced version.
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1. VARIABLE GAIN AMPLIFIER WITH LINEAR EQUALIZATION FUNCTION

The speed data transmission scaling requires a proportional increase on I/O

circuits bandwidth to support new communication standards. The most popular

communication standard is the USB, it is found in all types of devices ranging

from high-performance computers, toys, cell phones, and storage devices. The

communication channel to link these devices has bandwidth limitations. Thus, the

receiver requires a circuit to boost the signal gain at higher frequencies. These

circuits must increase the maximum speed of operation keeping low-power con-

sumption, and a low-cost devices. However, obtaining inexpensive interfaces re-

quires the use of long transistors restricting the speed of circuit operation due to

the transition frequency. This chapter compares the advantages and limitations

of the most common circuit techniques employed in the design of high-speed I/O

circuits. These techniques are compared through a design case of the equaliza-

tion function for the USB 3.0 standard. The conclusions can be extrapolated to

the design of other high-speed interfaces.

1.1. BACKGROUND

The universal serial bus (USB) standard has become the most common approach

to connectivity and power charging for computers and electronic devices. Since

their first versions, USB has been consistent with the speed, dynamic, and power

requirements for a variety of peripherals such as laptops, mobile phones, flash

memory sticks, and many other devices. The USB 3.0 specification is the version

approved in 2008 by the universal serial bus implementation forum (USB-IF). This

standard version incorporates previous revisions of the standard and fixes a new

20



Figure 5. USB interconnection environments (7).

nominal data rate of 5Gb/s.

Fig.5 shows the two possible channel losses environments initially considered

by the USB-IF for two electronic devices interconnected through a USB interface.

The short channel takes into account the losses caused by the connection be-

tween the die pad to the USB transceiver, the package, the PCB traces, and the

connector losses for host and device. Meanwhile, the extended channel model

uses the worst possible scenario for PCB traces and includes a three-meter ca-

Figure 6. USB 3.0 loss budgets for all legal configurations (8).
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ble, the longest length accepted by the standard. Based on these considerations

operating at a Nyquist frequency of 2.5GHz, the first revision of the standard sug-

gested insertion losses around −20dB for the full link (9). However, the rapid

expansion of market applications such as smartphones and tablets changed the

initial loss requirements, and the power budget has had to be adjusted and dis-

tributed, considering the different cables and connectors. Fig.6 shows a summary

of the power budget currently established for various connectors. Fig.7 shows the

frequency response of the channel model used for the characterization of the long

channel case. The S-parameters are published in the USB forum website. Even

though there are no model for the short channel scenario, the specifications of

the standard fix channel losses between −4dB and −18dB as the general con-

sideration (7).

The USB transceiver must be capable of compensating the losses induced

by the transmission channel. This compensation of losses can be distributed

between the transmitter and the receiver. The USB standard defines minimum

normative specifications for the receiver-end to maintain data signal integrity and

warrant a successful data transfer. Although these specifications do not indicate

the strict implementation of a linear equalization function in the receiver-end, the

budget for channel losses makes this clear (7; 9).

Fig.8 shows a block diagram of a typical analog front-end integrated into the

receiver of high-speed interfaces. The termination block involves the impedance

matching network and the electrostatic discharge (ESD). Commonly, the VGA

and CTLE circuits are performed separately. However, these functions can be in-

tegrated into the same circuit block. The purpose of VGA-CTLE is to compensate

the channel losses effect and balance the gain of high and low-frequency compo-

nents. As a result, it is possible to improve the vertical opening of the eye diagram

22



Figure 7. USB 3.0 Full link channel frequency response model.

facilitating the information recovery. The channel conditions change according to

the connector and cable characteristics. Then, the equalizer must be capable of

adapting the signal in all the possible link environments, even for earlier revisions

of the USB standard where the frequency of operation is low, and the equalization

function is not required. For this reason, the VGA-CTLE must be adjustable, so

that it can behave like a buffer and in other cases produce gain peaking to provide

a gain in the nominal frequency of 2.5GHz.

The implementation of the VGA-CTLE circuit in a long length CMOS transistor

node requires the application of circuit techniques to produce gain and force the

transistor to operate at the speed limit. This chapter presents the application and

comparison of a variety of circuit techniques used in the design of VGA and CTLE

circuits to the design of a VGA-CTLE circuit for USB 3.0. The chapter concludes

with the circuit design of a VGA-CTLE circuit in a 0.18µm CMOS standard technol-

ogy. The proposed circuit complies the specifications for the equalization function
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Figure 8. Typical architecture of analog front-end block.

of the USB SuperSpeed standard (7) with a low power consumption compared

to the reported current designs in the literature. Simulations results prove the

robustness for the process-voltage-temperature corners using the ranges com-

monly considered by the industry.

1.2. COMPARISON OF THE EQUALIZATION CIRCUIT TECHNIQUES FOR VGA

AND CTLE CIRCUITS

Considering that the equalizer is one of the dominant power consuming blocks

and its power increases with the demand of faster data rate in communication

links, circuit designers have widely studied this circuit, to improve its operation

without area and power consumption impact. The techniques presented in the

circuit implementation are useful for the USB 3.0 analog front-end, also are ap-

propriate in most of the known I/O standards such as peripheral component in-
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Table 1. 2018 State of the art CTLE circuits using broadband techniques

Ref. Circuit
technique

CMOS
Tech
[nm]

Nyquist
Freq.
[GHz]

HF
Peak
[dB]

Supply
voltage

[V]

Power
[mW]

Area
[mm2]

(10) CD 28 14 34 1.5 560 3.34

(11) CD 45 5 7.5 1.1 14.3
CTLE+1-tapDFE N.A

(12) IP 180 5 35 1.8 54
VGA+AGC 1.32

(3) CH 90 2.2 60 1 2.5 0.01
(13) CD - IP 65 14 8.8 1.2 2.5 N.A
(14) CD - IP 45 12.5 8 1 2.4 0.01
(15) CD - IP 65 20 16 1 8 0.36

(16) CD - IP 28 20 7 0.85 927
Full transceiver 0.81

(17) CD - IP 180 2.5 11 1.8 18 N/A

(18) CD 20 28 23 0.9 177
Front-end 0.22

(19) IP 180 0.9 94.1 1.8 20.5 0.42
(20) CD 65 7.5 20 1.1 13.9 0.05
(21) CH - IP 90 2.2 40 1 2.5 0.01

(22) CD - IP 16 28 12 0.9 60
Front-end N/A

(23) CD 28 16 15 0.9 240
Front-end 0.33

(24) CD 130 2.7 22 1.2 26 0.18
(25) CD - IP 65 20 22.8 1 97 N/A
(26) CD - NC 32 6.25 10 1.1 5.25 N/A
(5) CD - IP - NC 40 10 1.1 25.2 0.13
(27) CD - IP - CH 130 10 20 1.5 60 0.2

(28) CD 28 6.5 10 1 32
Front-end 0.226

(29) CD - IP 65 7.5 11 1.1 39 0.62

(30) CD - IP 65 10.5 14.4 1.2 34.2
CTLE+1-tapDFE 0.027

(31) CD - IP 22 16 16 1.07 7.64
Front-end 0.079

(32) CD - IP 65 14 8.8 1.2 24
CTLE+2-tapDFE 0.72

(33) CD - IP 40 20 18.6 1.1 43.9
CTLE+DFE N/A

(34) CD 28 7 4 0.9 102
Front-end 0.0144

(35) CD - NC 32 3.5 17 1 7 N/A25



terconnect express (PCIe), serial advanced technology attachment (SATA), dis-

play port (DP), high definition multimedia interface (HDMI), etc. These standards

have different applications and the choice of the equalization function depends

on conditions such as channel losses at the Nyquist frequency, technology node

of integration, and power budget. The circuit techniques shown in this section are

the most commonly used into VGA and CTLE circuits of high-speed receivers.

These techniques are based on capacitive degeneration (DC), inductive peaking

(IP), include a negative capacitance (NC) and Cherry-Hooper amplifier (CH).

Table 1 shows a summary of the relevant publications that report the imple-

mentation of VGA or CTLE circuits in receiver-ends and full transceivers. The

table indicates the initials of the technique employed in the circuit and the most

relevant parameters to evaluate the performance of an equalizer.

The techniques presented in the table were separately applied in the design of

the VGA-CTLE circuit for USB 3.0 interface. The objective of each circuit imple-

mentation is to find the advantages and limitations of each circuit technique in the

design of an equalizer for USB 3.0 standard. This section shows a comparative

analysis of the considerations and results concluded by applying the circuit tech-

niques found in the current literature to generate the frequency boosting required

by the equalizer.

The design specifications for the VGA-CTLE circuit are derived from the USB

3.0 specification manual and the equalizer design guidelines, both available on

the USB forum website (7; 9). The low-frequency gain (ALF ) of the equalizer

used as reference display values between 2dB when the link is the short chan-

nel and −3dB with the long channel link. Furthermore, the gain at the Nyquist

frequency (A2.5GHz) is varying between 2dB when the highest performance of the

equalizer is needed, and attenuation when the channel does not enforce larger
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Table 2. CTLE design specifications summary.

Parameter Value Description
ALF -3dB to 2dB low-frequency gain range

A2.5GHz 2dB Minimum gain at 2.5GHz
Peaking 0dB to 6dB Difference between ALF and A2.5GHz

CL 700pF Load capacitance

Figure 9. Differential pair with RC degeneration.

losses. The load capacitance of the equalizer is set at 700pF , considering the

full architecture of the receiver. This estimation of the load takes into account the

input capacitance of the circuit connected to the equalizer output and the para-

sitic capacitances produced by routing and physical implementation of the circuit.

Table 2 summarizes the equalizer specifications.

1.2.1. Capacitive Degeneration Equalizer The low-pass response of a differ-

ential pair results from the output pole caused by the combination of the parasitic

capacitance seen at the drain of the amplification transistor and the load capac-

itor (CL). The differential pair is degenerated using a capacitor as Fig.9 shows,

to create a broadband response and make that the effective transconductance
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increases at high frequencies.

The circuit employs both resistive and capacitive source degeneration with

the objective of having control of the response at high and low frequency, thus

obtaining the CTLE and VGA functions. Fig.10 depicts the half-circuit equivalent

of the RC degeneration. The equivalent transconductance is expressed by:

Gm =
gm

1 + gm(Rs

2
|| 1
2sCs

)
(1.1)

=
gm(sRsCs + 1)

sRsCs + 1 + gmRs/2
. (1.2)

In consequence the transconductance Gm contains a zero at 1/(RsCs) and

a pole at (1 + gmRs/2)/(RsCs). Then Gm will have a frequency response, as

shown in Fig. 11a). If the Gm cell is properly designed the zero could cancel

the pole (RDCL) due to the load capacitance, obtaining the frequency response

shown in Fig. 11b), where the bandwidth is extended by a factor 1 + gmRs/2.

The consequence of its bandwidth extension is a reduction in the gain that at low

frequencies is Av = gmRD/(1 + gmRs/2).

Figure 10. Half equivalent circuit with RC degeneration
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Figure 11. Bandwidth extension implementing RC degeneration.

The increment of bandwidth provided by the capacitive degeneration tech-

nique depends on the transconductance of the amplifier transistor (gm). As the

classical model of the transistor exhibits, gm parameter is directly proportional to

the drain current. Therefore, to have large transconductance, high current con-

sumption is required.

The equalizer circuit design applies the capacitive degeneration technique.

Figure 12. Results for frequency response for CD equalizer.
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The circuit is implemented pushing the zero caused by CS at a lower frequency

than the pole caused by CL. It generates a boost in the gain that must be pushed

in the frequency range of interest, in this case, the 2.5GHz range. Fig.12 shows

the results of the frequency response varying the corners of process, voltage,

and temperature (PVT) for the maximum possible value of gain at 2.5GHz. The

maximum gain boosting occurs around 1GHz, and beyond this value, the influ-

ence of the pole due to the load capacitance drop the circuit gain. Therefore,

even in cases where current increases to push the pole caused by the capacitive

degeneration to the highest frequencies, the gain is decreased.

Although the circuit design exhibits a peaking behavior for frequencies above

1GHz, this peaking gain falls off with the increment of the temperature for all the

corner cases, as Fig.13 shows. According to the specifications for the VGA-CTLE

block, the minimum gain at 2.5GHz must be 2dB, and this specification must be

fulfilled in all the corners cases. Thus, for the capacitive load of 700pF , the use of

the capacitance in the source is not enough to meet the USB 3.0 specifications.

1.2.2. Inductive Peaking One of the simplest ways to compensate the ca-

pacitive effect in a node of a circuit is to connect an inductance to the same node

of the circuit so that the inductance generates a zero to compensate the output

pole produced by the capacitance. This technique is also applicable to broadband

amplifiers, and, as Kim et al. (36) describe, when this inductance is applied in a

common-source amplifier, inductive peaking can expand the bandwidth by up to

70%. The peaking is done replacing the drain resistor by an inductor (16; 18; 33).

However, in an integrated circuit, a passive inductor represents a large silicon

area (comparable to hundreds of transistors), and in most standard CMOS tech-

nologies it does not have a good quality factor. For this reason in the design of
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Figure 13. Results for PVT corners for gain at 2.5GHz in CD equalizer.

Figure 14. Differential pair with RC degenerated and passive inductor.

integrated broadband circuits is preferred to seek for a circuit that behaves like an

inductor, which means its impedance varies directly proportional to the frequency.

The inductors implemented using active devices are known as active induc-
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Figure 15. Folded active inductor circuit.

tors. They offer advantages like small chip area, tunable inductance, and compat-

ibility with low-cost digital oriented CMOS processes. Nevertheless, as with the

circuits integrated into a silicon substrate, active inductors may suffer difficulties

such as limited dynamic range, supply voltage fluctuation, and sensitivity to pro-

cess variations. Innovative designs, according to its application, allow handling

with these limitations obtaining good results in high-speed interfaces(19; 30; 31).

Circuit topologies implementing active inductors have been reported in the

literature (37; 38; 39; 40). Due to its simplicity and the current-reuse, the most

commonly used in high-speed circuits is proposed by Wu (41). Fig. 15a) shows

the schematic of the gate-peaking circuit. Fig. 15b) depicts the small-signal model

to obtain an expression of the impedance ZL. Neglecting Cgd and other parasitic

capacitances to simplify the analysis, ZL can be obtained with:

sV1Cgs + gmV1 = −IX . (1.3)
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Since V1CgssRG + V1 = −VX ,

ZL =
sRGCgs + 1

gm+ sCgs

. (1.4)

Taking into account |ZL(s = 0)| = 1/gm and |ZL(s = ∞)| = RG, hence, if RG �

1/gm, then |Zout| raises with frequency, achieving an inductive behavior. The

corner angular frequency of the zero introduced by the active inductor is wZ =

−1/CgsRG if this zero cancels the output pole of the amplifier, the bandwidth of

the common-source amplifier increases.

Usually, the inductive peaking is implemented in combination with the source

capacitive degeneration. Then the gain at high frequencies could be equalized

varying the capacitance and/ or the resistance RG of the active inductor.

A VGA-CTLE design is performed using the IP broadband circuit technique

join with the capacitive degeneration. The active inductor was characterized in-

Figure 16. Results for frequency response of IP equalizer.
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Figure 17. Results for PVT corners for gain at 2.5GHz in IP equalizer.

dependently to alleviate the effect of the load capacitance. Fig.17 shows the

results for PVT variations using the maximum value of capacitance in the source

of the NMOS transistors. The addition of IP circuit rises the gain at low-frequency

and produces a higher peak than the CD equalizer. However, this peak is still

located in a frequency of 700MHz and fall faster than in capacitive circuit design.

Consequently, at 2.5GHz, the two equalization circuits have the same gain. In

fact, as is shown Fig.17, the IP implementation has a worse response when the

temperature increases. This loss of gain is due to the proportional temperature

dependence of the IP circuit impedance. Thus, the combination of CD and IP

equalizer do not accomplish the specification of minimum gain at 2.5GHz with the

budget current of 6mA.

1.2.3. Negative Capacitance with Cross-coupled Pair Equalizer The cross-

coupled pair (XCP) is a well-known circuit that due to the internal positive feed-
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Figure 18. Cross-couple pair as negative impedance converter.

Zin = −Z1 −
2

gm
. (1.5)

back can operate as an impedance negator. Fig.18 depicts the topology of the

XCP circuit. The circuit comprises two transistors connected as a latch and in

the case of the impedance negator an impedance Z1. If the XCP is in equilibrium

(its drain voltages are equal) the equivalent impedance (Zin) can be expressed

by equation 1.5 (42).

If Z1 is a capacitor, the circuit represents a negative capacitance in series

with resistance 2/gm. The negator feature is useful in multiple circuits of high-

speed links because it allows relieving the effect of positive capacitances in nodes

where the XCP is connected, the balance produced by the negative capacitance

of the XCP diminish the effective capacitance in the node, relocating the pole and

improving the speed of the circuit.

Fig.19 illustrates the application of XCP negative capacitance in the I/O pads

and the ESD circuit attached in on-chip applications. The nodes of the I/O port

exhibits a high capacitance due to the physical structure of the pad, the parasitic

capacitances of the ESD circuit and the termination resistors. Usually, a T-coil is

connected to the termination nodes in order to fix the imaginary part of the cou-

pling impedance circuit. However, sometimes the silicon area is reduced, and on

this aspect, the T-coil size is critical. Adding an XCP with a negative capacitance
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helps to mitigate the capacitance of the I/O port nodes and, in consequence, the

size of the T-coil can be reduced only to the needed for adjusting the impedance.

Another application of the XCP as impedance negator is high-speed equaliz-

ers. To achieve an efficient gain balance of the data signal, a CTLE with capacitive

degeneration requires to make a gain variation in the Nyquist frequency, which in

this case would be in GHz range. In low-cost CMOS technologies (long channel

transistors), to generate gain in the high frequencies range is required to drive

high currents. Then, due to the constraints of current density in materials, the

transistors and layout routing paths tend to be wide, exhibiting large parasitic ca-

pacitances. These capacitances and the high CL, due to the multiple taps and

wide input transistors of the subsequent circuit blocks makes difficult to get gain in

GHz range. If the XCP is joined to the CTLE output nodes as shown in Fig.20, the

effect of the positive capacitance on this node will be lesser. Furthermore, for the

implementation of XCP in a CTLE circuit, it is important to consider the trade-off

Figure 19. XCP as a capacitance negator to increase bandwidth of I/O
termination.
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Figure 20. Differential pair with RC degeneration and negative capacitance.

between the addition of the XCP negative capacitance cell and drive more current

in the main differential pair. Although usually is possible to enhance the band-

width of the amplifier increasing the current through the transistors, sometimes

transistors are in the edge of speed response, making an insignificant increment

(35).

Simulations were performed for the implementation of the XCP employing the

same power budget of the previous circuit techniques. Fig.21 shows the results

for the gain at 2.5GHz (A2.5GHz) for PVT variations. Although at −45 ◦ C all the

corners have a voltage gain above the specification of 2dB, this gain decreases

with the rising of the temperature. Therefore, the VGA-CTLE circuit using the

XCP does not complaint the specifications of the USB 3.0 standard.

1.2.4. Cherry-Hooper Amplifier (CH) The Cherry-Hooper amplifier consists

of the application of local feedback in the drain of the amplifier transistor to im-
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Figure 21. Results for PVT corners for gain at 2.5GHz in NC equalizer.

prove the speed. The Cherry-Hooper concept is based on the the cascade

common-source stages shown in Fig.22, where CX corresponds to the total ca-

pacitance seen from node X to ground (3). In this topology, the voltage gain and

bandwidth of the first stage are |AV | = gm1RD1 and wp,X = (RD1CX)−1 respec-

tively. Since M2 must be wide enough to get a significative gain in the second

stage, its CGS2 will be large, reducing the bandwidth. Additionally, the Miller effect

of CGD2 also affects the speed of the amplifier.

The circuit topology shown in Fig.22b) is proposed to resolve the issues pro-

duced by the application of a second stage. This topology joins a feedback re-

sistor RF around M2 by sensing the output voltage and returning a proportional

current to X. Including it modification the circuit has two paths to the output: one

caused by the feedback and another through M2. A proper amplifier design lim-

its the signal flowing through RF because it opposes that generated by M2. The

low-low frequency gain of the circuit is calculated assuming IB is ideal. The small-
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Figure 22. Cherry Hooper amplifier basic circuit.

signal current generated by the drain of M1 flows through RF , creating a voltage

drop equal to gm1VinRF . Thus,

Vout − gm1VinRF = VX . (1.6)

By its part, the small-signal current produced by M2 (= gm2VX) must flow

through RF :

gm2(Vout − gm1VinRF ) = −gm1Vin. (1.7)

Then the voltage gain is given by:

Vout
Vin

= gm1RF −
gm1

gm2

, (1.8)

from this equation if RF >> gm2
−1, the voltage gain will be equal to the obtained

using the common-source stage with a load resistance RF .

The main advantage of the RF modification is the resultant small-signal resis-

tance seen at nodes X and Y. This resistance is gm2
−1 for both nodes, a value typ-
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ically much less than RF . Thus taking into account the capacitances at nodes X

and Y, the pole frequencies are in the order of wp,X ≈ gm2/CX and wp,Y ≈ gm2/CY ,

which are located in frequencies higher than the poles obtained using the cascode

common-source stage.

In summary, the Cherry-Hooper amplifier provides approximately the same

voltage gain but with low resistance levels at nodes X and Y, moving the poles and

extending the bandwidth of the circuit. Fig.23 shows the differential version of the

Cherry-Hooper amplifier. The main drawback of this topology is the voltage head-

room required to compensate the drop across the devices connected between

VDD and GND.

1.3. CIRCUIT DESIGN METHODOLOGY

Fig.24 shows the design methodology proposed and implemented to obtain a

favorable design that fulfills the requirements of USB SuperSpeed standard. The

Figure 23. Differential Cherry-Hooper amplifier with current-source loads.
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technology characterization is the first step in any CMOS design process. In this

instance, design curves are used to obtain behaviors and parameters similar to

the real ones. The curve that relates the transistor parameters gm and fT allows

obtaining an optimum biasing point of the transistors MN that compound the input

differential pair.

The RX equalizer architecture is implementation specific. However, the design

guidelines suggest a second order continuous time filter transfer function which is

correlated with a capacitive degenerated differential pair. This circuit was shown

previously in Fig.9. The design of the equalizer starts biasing the input transistors

in a suitable operation point. It is obtained through technology characterization.

This first implementation allows making simulations to get an estimation of the

resistance seen at the drain of the input transistor. The drain resistance and the

load capacitor generates the pole (RDCL) at the output node.

As was mentioned in the description of the capacitive degeneration technique,

the capacitor and resistor degenerating the differential pair produce a zero to

counterbalance the output pole. Once the values of RD and CL are known is pos-

sible to determine values for the source capacitor (CS) and resistor (RS). These

values establish the ALF and peaking specifications and must be chosen in a

range that allows obtaining the low-frequency gain range desired, and the po-

sition of the zero at which the frequency gain kicks in to amplify the frequency

components of interest.

The addition of the capacitive degeneration produces a gain boosting accord-

ing to the position of the introduced zero. Due to the technology restriction is not

easy to realize considerable transconductance without the use of a large amount

of current, making difficult to get gain in the Nyquist frequency of 2.5GHz espe-

cially for slow-corners process. Reaching the reduction of power consumption
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Figure 24. CTLE design methodology.

which is one of the main goals of modern high-speed interfaces, we implement

additional broadband techniques to get the final design.

Fig.25 depicts the topology of the CTLE circuit designed in this research

project. Three of the circuit techniques mentioned above are applied to achieve

42



Figure 25. Topology of the CTLE proposed.

compliance with the specifications. The already mentioned capacitive degener-

ation, the active inductor compound by RD and transistors MB, and finally, the

negative capacitance cell is the cross-coupled pair of MO and the capacitor C1.

The active inductor was characterized separately and attached to the CTLE try-

ing to get another zero in the position of interest. The main advantage of use

PMOS based active inductor in this topology is the fact that no additional cur-

rent is needed. Implementing the active inductor only critical corners does not

get A2.5GHz specification. Two possible solutions were considered at this point:

the implementation of an additional differential pair to contribute with the main

transconductance and the negative capacitance. Running simulations for both

options a better result was obtained for the negative capacitance case. Addition-

ally, in the negative capacitance biasing current two bits were added for trimming,

those bits are used in corners which do not require the full effect of negative

capacitance.

43



Figure 26. Overview of the equalization function.

The design obtained using the proposed methodology is an adaptable CTLE

with ALF tunable using the eight bits to adjust the value of RS and two bits for IB1.

The A2.5GHz value is varied using four bits to select different CS. The amount of

peaking could be adjusted using the combination of tuning possibilities.

1.4. SIMULATION RESULTS

The proposed CTLE circuit is designed using TSMC 0.18µm CMOS technology

with a supply voltage of 1.8V , and the operation is verified through circuit level

simulations. For the testbench configuration, a pseudo-random number generator

(PRBS) is used with a differential peak-to-peak voltage of 800mV and a frequency

of 2.5GHz to emulate the output data signal of the transmitter. This signal is the

input of the channel model depicted in Fig.7. The CTLE is connected at the

output of the channel model block. The blocks for impedance adaptation and

ESD protection was neglected.
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Fig.26 depicts the equalization function for three different circuit configurations

for the nominal process corners. Ideally, the gain boosting of the transfer function

must be in the frequency of 2.5GHz, but due to the speed limitation of the technol-

ogy, the peak is gotten around 1GHz. Despite this at the 2.5GHz frequency, the

circuit still provides gain, making possible to perform the equalization function.

Fig.27 shows the ALF variation for the nominal corner. It low-frequency gain

can be modified shifting the bits assigned to select one of the eight possible re-

sistor values of the bank. The values of each resistor branch were selected in

order to get a linear and monolithic function of the low-frequency gain. The re-

sistors implemented into the bank allow satisfying the ALF specifications range

for all the corners. In addition to the variation that can be done by switching the

resistors, this range can also be modified by switching the current sources IB1 of

the negative capacitance. As Fig.28 shows, three low-frequency gain ranges are

obtained changing the current driven through the negative capacitance, it is use-

Figure 27. Low-frequency gain variation changing Rs for typical corner.
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Figure 28. Low-frequency gain intervals for the three current conditions.

ful to cancel out the variation produced by the temperature resistors. Using the

switching of the resistor bank and the current sources is obtained a swing range

of 9dB for low-frequency gain.

The robustness of the circuit design was verified using simulations for pro-

cess, voltage, and temperature corners variations. The fast and slow models of

the semiconductor technology provided by the foundry were used for the process

corners. The temperature varies between −40◦C to 125◦C while for the voltage

variation, it is assumed 10% of the nominal value. Fig.29 shows the equalizer

frequency response for maximum peaking and flat response in best, typical, and

worst corners cases. The worst corner case of high frequency boosting shown

in Fig. 29a) occurs in the slow-slow process, low voltage, and high-temperature

conditions. In this case, the mobility of current carriers is reduced, making dif-

ficult the current driving. However, even in the worst corner case, the A2.5GHz

specification is accomplished with 2.2dB of gain.
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Figure 29. Corners variations for the CTLE boosting and flat response.

Figure 30. CTLE peaking values for all RC combinations.

The flat response is shown in Fig. 29b). It is achieved when RS is in the

minimum value. As was mentioned above, it is useful when the received signal

does not require equalization, for example, if the received data signal oscillates

at frequencies of previous versions of the USB standard (60Mbit/s, 480Mbit/s),
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Table 3. CTLE performance results.

Reference This work (17) (24)
Nyquist Frequency 2.5GHz 2.5GHz 2.7GHz

ANF -2dB to 5.4dB 11dB -4dB to 18dB
ADC -5dB to 1dB N/A N/A

Peaking -2dB to 7.2dB 11dB -4dB to 18dB
Power

Consumption
Full

11.7mW
Reduced
8.1mW 18mW 26mW

Area 0,015µm2 N/A 0,12µm2

Process 0, 18µm 0, 18µm 0, 13µm

which, being low-frequency are not so much attenuated by the channel. The

corners variation for ALF gain is maximum 2dB and could be trimmed using the

bits that fixes the RS values.

The peaking is the difference between A2.5GHz and ALF values. Combining the

selection of A2.5GHz and ALF different peaking values are obtained, which means

the equalization function is realized. Fig.30 shows the peaking for all the bit se-

lections of RS, CS, and IB1. Five positions for capacitors, seven for resistors and

three for IB1 give 120 possibilities of equalization which must be selected accord-

ing to the conditions of the received signal and the whole interface. According to

the design specifications, the peaking should be able to vary in a range of 0db to

2dB. This specification is remarkably met, getting a circuit whit a wide peaking

range from −4dB to 10dB.

The circuit design achieves all the specifications for the CTLE circuit estab-

lished by the USB-IF. Compared to the area consumption of equalizers designed

in similar CMOS technologies, the circuit has a remarkable performance. Ad-

ditionally, the circuit offers the possibility of current reduction when such a large

equalization is not required. Table 3 summarizes the performance results achieved

with the designed CTLE.
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Figure 31. CTLE layout design.

The design of the CTLE physical implementation is shown in Fig.31. It was

performed in a professional circuit design tool. Short lengths for critical signal

paths were used in order to maintain a low parasitic capacitance. The current

mirrors are designed symmetrically aiming to get a non-variant biasing current.

The resistors and capacitors are also matched to avoid variations.
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2. A PROGRAMMABLE NAUTA GM-C FILTER FOR CHANNEL EMULATION

One of the leading sources of costs rising in the production of integrated cir-

cuits is the testing stage of prototypes. The validation of circuit designs requires

skilled labor and expensive laboratory equipment. Moreover, due to statistical

experiments, the characterization stage can take a long time, which contributes

to increasing prototyping costs. However, previous research in testing of high-

speed interfaces underestimates the possibility of on-chip integration of testing

circuits to reduce the equipment or the human labor required to validate a pro-

totype (43). This chapter presents a programmable Nauta Gm-C filter integrated

into a circuit technique for the characterization of the eye diagram of high-speed

circuits. The programmable filter enables the emulation of multiple channel envi-

ronments, which contributes to reducing the need for various channels and allows

to automate the circuit testing. The filter was embedded in a high-speed circuit

characterization technique and integrated in a CMOS 0.13µm CMOS technology.

2.1. INTRODUCTION

The scaling of CMOS technology and implementation of broadband techniques

had made possible increase the speed of many communications interfaces to the

order of GHz. This technology scaling also has incremented the sensitivity of

integrated circuits to PVT variations. Due to this sensitivity, the testing and de-

bugging of high-speed circuits has become critical for the circuit validation (44).

This testing of the high-speed circuits is a challenge due to the implications of

signal integrity and parasitic loads that can be affected even for minor perturba-

tions added by the test equipment. Therefore, the characterization of high-speed
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circuits requires elaborated test benches to warrant the operation of the circuits

(45).

The design of structured tests, especially for mass production chips, is lim-

ited by some technological and economic factors. The equipment required for

the characterization of high-speed interfaces must have a larger bandwidth than

the device under test (DUT). Additionally, this equipment needs to be updated to

faster and more expensive versions to support ever-increasing interfaces speeds(46).

On the other hand, minor perturbations in the test can introduce erroneous results

causing issues in the characterization. These results can cause loss of informa-

tion and data corrupting in high-speed links when the DUT is operating with the

whole system.

To prevent the loss of information and recover the signal successfully is pos-

sible to integrate into on-chip circuits for the built-in test. In the testing of analog

circuits, the built-in test blocks can perform part of the characterization allowing

digitize the characterization signals. This partial processing avoids the require-

ments of output pins and expensive equipment.

Here, it is presented a Gm-C filter embedded in a circuit characterization tech-

nique for the eye diagram of high-speed circuits. This technique allows character-

izing the analog front-end using the comparator for sampling the data signal. The

programmable Gm-C filter allows emulating the frequency response of multiple

transmission lines. The programmable filter enables to script probes for different

channel losses.

2.2. TEST PLATFORM FOR HIGH-SPEED INTERFACES.

The eye-height and jitter comprise the two main measurements required to build

the eye diagram. The jitter is the deviation of a timing event of a signal from its

51



ideal position in time. Data errors result when this deviation extends past the sam-

pling point at the receiver. The eye-height corresponds to the amplitude voltage

margin of the for logic high and logic low while running at speed. The measure-

ments strategies aim to detect the edges of the eye diagram at the output of the

DUT. This characterization is performed by the time-margining test techniques

that look for the timing specification, and voltage-margining techniques that tar-

get eye-height measurement.

We implement a characterization technique that allows constructing eye di-

agram through a dynamic location of the sampling point of the DUT (47). The

comparator under-test provides a unique voltage comparison level and sampling

instant, which is not enough to build the eye diagram. Therefore, we propose to

shift the sampling point location along the x-axis (time) and y-axis (voltage am-

plitude) of the eye diagram, as Fig.32 shows. While we shift the sampling point

location, the bit-error-rate calculation is employed to determine if the current sam-

pling point is in an open or closed region of the eye diagram.

Fig.33 shows the test platform used to perform the eye diagram characteri-

Figure 32. Concept of eye diagram characterization using voltage and phase
shifting.
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Figure 33. Eye diagram characterization technique.

zation. The horizontal shift location of the sampling point is done using a phase

mixer. The clock phase of the comparator is shifted with the PRBS clock, and

then it is possible to sample the eye diagram in multiple time points. On the ot-

ter hand, we measure the voltage margin manipulating the voltage offset of the

pre-amplifier. The digital-to-analog converters (DAC1 and DAC2) vary the branch

current of the differential pre-amplifier. This variation induces offset voltage in

both vertical directions of the eye diagram. Using a pass rate based BER of 10−5,

we determine if the sampling point is in the eye diagram open region.

To complete the test platform, we add two blocks to emulate the transmitter

and the channel of the high-speed interface. A programmable PRBS generator

provides the digital signal considered like the information. It can be configured

to generate 7, 15, 21, and 32 data frames. Programmable filter emulates the

transmission channel because it is not easy to get multiple transmission lines

that provide channels with different frequency response. The filter can be varied

in frequency and gain to provide different values of attenuation and bandwidth.

Finally, we do and off-chip calculation of the BER at the output of the test platform.

53



Figure 34. Nauta operational transconductance amplifier (48).

2.3. GM-C FILTER TUNABLE FILTER USING NAUTA OTA.

Gm-C filters are a widespread continuous time circuit composed by a transcon-

ductance and a capacitance. The critical component of a Gm-C filter is the oper-

ational transconductance (OTA). The voltage-to-current conversion is the primary

function of the OTA. This OTA integrated with a capacitance composes the inte-

grator, the basic function of a Gm-C filter. The transconductance and the capac-

itance can be adjusted to modify the frequency characteristic of the filter. In this

work, the Nauta transconductance is applied because of its simple architecture

Figure 35. Programmable Biquad Gm-C filter topology.
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and stability against PVT variations.

The Nauta transconductance architecture is shown in Fig.34. This transcon-

ductance is comprised of six CMOS inverters. I1 and I2 act as the differential

voltage-to-current converters. Using the I-V characteristic of the transistor, the

differential gain of the transconductance can be expressed as:

Iod
V id

=
Ip − In
Vp − Vn

= (V DD − Vthn + Vthp)
√
βn · βp (2.1)

where V DD is the supply voltage, Vthn and Vthp the threshold voltages of the

NMOS and PMOS transistors respectively and βn, p the relation of the process

parameters and sizes of the transistors. To perform a linear operation, the β

factors of n-channel and p-channel transistors are perfectly matched. I3, I4, I5,

and I6 helps in common-mode stability and boost the differential mode gain (48).

The Biquad Gm-C filter is a circuit with advantages such as simplicity, modu-

larity, and tunability. Fig.35 shows the circuit topology (49). The DC gain (Ao) and

the cutoff frequency (wo) can be expressed as:

Ao =
Gm1

Gm4
wo =

√
Gm3 ·Gm4

C1 ·C2
. (2.2)

Due to the dependence of the filter gain to the transconductances Gm1 and

Gm4, it is possible to adjust the filter gain modifying one of these transconduc-

tances. The transconductances Gm are added in parallel to Gm1 to perform the

voltage gain adaptation. These transconductances can be switched to increase

or decrease the total transconductance according to the gain required by the ap-

plication. Meanwhile, the cutoff frequency can also be modified changing the

capacitances C1 and C2, according to 2.2 . Hence, the capacitances are inte-

grated using a matrix of capacitors. These capacitors can be switched to adjust
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the cutoff frequency of the Gm-C filter.

2.4. RESULTS

The test platform was implemented using a TSMC 0.13µm CMOS technology with

a supply voltage of 1.2V . The Biquad filter is embedded in the test platform. Thus,

the filter was simulated as a standalone circuit instance to get the tuning curves

for cutoff frequency and voltage gain.

Fig.36 shows the PVT corners results for the maximum and minimum gain

when the cutoff frequency is set in the minimum value of 100MHz. The filter gain

has a tuning range of 15dB switching the transconductance Gm. The filter has a

good behavior against PVT variations with a maximum gain variation of 3dB.

The results for the maximum cutoff frequency are shown in Fig.37. Using

the same transconductance the circuit performs the same range for gain, but the

selection of a different capacitance enhances the bandwidth. The maximum filter

Figure 36. PVT corners variation for the maximum bandwidth and gain.
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cutoff frequency obtained switching the capacitances C1 and C2 is 1GHz.

The two degrees of freedom obtained with the circuit design allows emulat-

ing a variety of transmission lines. Because the switching of transconductances

and capacitances can be programmed, the filter enables the possibility of pro-

gram different test benches using a variety of emulated channel losses. This pro-

grammable filter contributes to facilitating the test-ability of high-speed circuits.

The total power consumption is 120µW with 1.2V supply voltage in the typical

corner case. This power consumption includes the transconductances and the

digital circuitry integrated for circuit tuning.

Fig.38 shows the microphotograph of the characterization technique and the

Gm-C filter. The total area of the circuit is 400x150µm including two banks of

capacitors.

Figure 37. PVT corners variation for the maximum bandwidth and minimum gain.
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Figure 38. Microphotograph of the low-pass filter integrated in the
characterization technique.
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3. ON THE DESIGN OF RELIABLE CURRENT REFERENCES FOR

HIGH-ACCURACY APPLICATIONS

Reference circuits to provide reference voltages or currents are essential SoC

circuits that integrate analog and mixed-signal blocks. Current references are pre-

ferred than voltage references in large integrated circuits because they are not af-

fected by the IR drop that occurs when a voltage is transferred across a metal line.

A current reference circuit provides bias current for different analog blocks such

as operational amplifiers, equalizers, filters, analog buffers, and data converters.

The performance of these circuits is proportionally affected by the accuracy and

stability of their bias current (50). Thus, stable analog circuit applications require

a high-precision current with temperature, power supply, and process indepen-

dent operation. The works reported in the literature provides many topologies to

generate the desired current. However, those works neglect to consider the cost

of the implementation of a current reference in a future electronic product. This

chapter proposes a straightforward circuit technique to reduce the costs caused

by human labor when the number of analog peripherals is augmented requiring

additional current references. The technique is based on adjusting the physical

implementation to reduce the time of re-design. The technique was applied in two

circuit designs integrated into a 0.18µm CMOS technology and measured results

show an error of less than 1%.

3.1. INTRODUCTION

A regular strategy to save power consumption in system-on-chip (SoC) applica-

tions resides in reducing the biasing current of the circuit blocks during some
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power modes. This approach leads to a trade-off between power and perfor-

mance in the system, which is commonly addressed by implementing multiple

power domains within the SoC. Multi-domain schemes allow suitably biasing low-

performance circuits without impacting negatively on blocks with high-yield re-

quirements.

The accuracy of the current-reference implemented in each power domain of

an SoC has a decisive role in the whole system yield. Fig. 39 illustrates an

SoC implementation with three different power/current domains. The low-current

domain comprises watchdog timers and wake-up analog elements that generally

are always on (AON) operating in deep-sleep power modes. AON blocks must

operate with the minimum current when the system enters into an energy saving

mode. On the other hand, when the system is processing or transferring data,

blocks such as low-noise amplifiers, data converters, oscillators, and filters might

be on, demanding higher currents to satisfy the required error-rate, speed or

accuracy.

SoC applications with multiple current domains require discussing the speci-

fications and the most appropriate architecture to implement the biasing sources

of each domain. Due to the impact of the reference current on the circuit per-

formance, high-accuracy and reliability all over a wide temperature and supply

voltage range(51) become a priority. Additionally, the current-reference circuit

must accomplish the biasing current requirements depending on the target power

domain or application. In this work, we discuss some practical principles and

design concepts to select a suitable current reference topology for each power

domain. Focusing on high-accuracy applications, we also explain an effective

cascode-configuration strategy to enhance the traditional voltage-to-current con-

verter precision without affecting the circuit stability. The employment of a com-
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Figure 39. Overview of an SoC with current domains association.

32.768-

1024kHz

32.768kHz

pensation network guarantees a circuit phase margin of 68◦. Post-silicon and

simulation measurements reveal an error < 1% in the current value and a robust

PSRR of 80dB at 100MHz all over the industrial range of voltage and temperature

variations.

3.2. CURRENT REFERENCE DESIGN CONSIDERATIONS

The diverse application environments for SoCs produce heterogeneous specifi-

cations for current-reference sources. Systems with multiple power domains re-

quire the implementation of specific current-reference values by domain, as Fig.

39 illustrates. The proper selection of the current-reference circuit for an SoC

application is essential due to the impact of the biasing current on the precision

of analog circuitry and power consumption of the whole system. The current-

reference design must guarantee less power consumption than the biased cir-

cuits. For instance, in SoCs with multiple power modes such as active, sleep, and
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Figure 40. Conventional approach of a PTAT-CTAT subtraction-based current
reference source.
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Figure 41. Conventional approach of a voltage-reference-based current
reference source.
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deep sleep modes, there is a requirement for current-references for each current

domain or an adjustment method to achieve the power demands of the operat-

ing states. Additionally, these current-references should be insensitive to supply

voltage, temperature, and process variations (PVT).

The specifications of the current-reference circuit are established according

to the operating requirements of the system. When the application demands

high-speed or precision performance, the circuits are power-hungry to achieve

a broad bandwidth, low noise, and reduced error. In contrast, restricted energy

62



applications should maintain a low-power consumption, forcing the analog cir-

cuits to operate with biasing currents in the order of nano-amperes. This variety

of power consumption environments implies different design considerations for

current-reference circuits, which may be addressed in two domains: nano-ampere

and micro-ampere.

3.2.1. Nano-Ampere Domain The voltage-reference-based current (VRBC)

source of Fig. 40 results impractical in the nano-ampere domain. To produce

a nano-ampere current, the resistance required to define the current-reference

value must be extremely large, increasing the whole circuit area. Although some

implementations use the transistor leakage to construct resistor-less current-references,

these circuits require fine adjustment due to the strong temperature dependence

on tunneling currents (52; 53). On the other hand, when the reference resistance

is outside the chip, the minimum current-reference value is restricted by the elec-

trostatic discharge protection (ESD) circuit. The ESD diodes integrated into the

die pad suffer from leakage current. If the leakage currents magnitude is similar

to the reference current IREF value, it is difficult to design a precise reference

current. Due to this constraint, circuit topologies without resistance may be more

appropriate for the nano-ampere domain.

The implementation of nano-ampere current-references using only MOS de-

vices becomes a challenge considering compensation of temperature and supply

voltage variations. Since transistors must operate in the sub-threshold region to

achieve low current, their exponential behavior amplifies any small temperature

variation. Santamaria et al. (54) present some solutions to construct resistor-less

nano-ampere current-references by compensating the proportional-to-absolute-

temperature (PTAT) and complementary-to-absolute-temperature (CTAT) current
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Figure 42. Nano-ampere current reference with PTAT-CTAT subtraction approach
(54).
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behaviors. The mentioned work introduces three nano-ampere current-reference

topologies based on synthesizing a CTAT source-gate voltage required to balance

the PTAT behavior of the pMOS drain sub-threshold current.

Fig. 42 presents one of the nano-ampere current-references proposed in (54).

The depicted topology voids the current-reference value dependence on PVT

variations through a current subtraction scheme. Handling the size and number of

diode-connected transistors, it is possible to generate two scaled currents (I1 and

I2) with similar PVT behavior. The proposed circuit allows subtracting these two

currents to generate a current-reference value independent on PVT variations.

This qualitative analysis of the current-source advantages is confirmed by the au-

thors, who report a temperature coefficient of 182ppm/◦C all over the industrial

temperature range for the mean current-reference value of 2.7nA.

3.2.2. Micro-Ampere Domain Current references in the micro-ampere do-

main are useful for biasing of circuits with high precision, low noise, or speed re-

quirements. Increasing the current-reference value allows implementing circuits

with enhanced accuracy under PVT variations. Two common circuit concepts are
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Figure 43. Topology of the current reference with the addition of the cascode
transistor.
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used in the generation of micro-ampere current-references. The first one is the

use of a temperature-compensated voltage reference, such as a bandgap, com-

bined with resistances as current defining devices, as shown in Fig. 40 (51; 55).

The second principle works with the inverse dependence on temperature of the

threshold voltage and carrier mobility. The balance of this relation produces an

invariant to absolute temperature (ZTAT) current-reference as Fig. 41 depicts. In

the micro-ampere domain, the current-reference based on the voltage-to-current

converter results more attractive due to its high accuracy, smooth implementation,

and scalable nature.

A relevant consideration in the design of the VRBC source is related to the

required resistance and the voltage reference. If we use the bandgap voltage as

the voltage reference, a large resistor (tens of kilo-ohms) is necessary to obtain

a current-reference of hundreds of micro-amperes. The on-chip implementation

of large resistances implies more area occupied, becoming impractical in area-

constrained systems. To replace this resistance, some authors proposed the use

of transistors operating in the triode region or switched capacitors (51; 55). How-

ever, these implementations entail larger current errors caused by PVT variations,
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requiring extra circuitry to adjust the current-reference which increases the power

consumption.

3.2.3. High-precision Voltage-Reference-to-Current Source The implemen-

tation of current-references using the voltage-to-current converter along with ex-

ternal resistance avoids the area constraints of its integrated resistance counter-

part. However, the external resistance approach makes the current-reference ac-

curacy dependent on resistance precision. This drawback is more representative

in applications that require a few micro-ampere currents because the resistance

value should be higher, i.e., more inaccurate. Furthermore, as high-precision

resistances are more expensive, their use increases the cost of the system im-

plementation. Nonetheless, as the external resistance does not suffer from vari-

ations caused by process and temperature, it is still useful in current-reference

implementations.

The accuracy of the external-resistor current-reference can be improved by

using a cascode transistor. As Fig. 43 highlights in red, transistor M1 is placed in

cascode configuration with M0. This architecture modification increases the out-

put impedance of the current-reference, enhancing the precision of the current-

reference IREF and the PSRR bandwidth. However, the cascode transistor also

makes the feedback loop more prone to instability.

Fig. 44 shows the stability scheme employed to compensate for the effect of

the described cascode configuration. The conventional implementation of Miller

compensation splits the poles of each circuit node and also produces a right-half-

plane zero (RHPZ). If this RHPZ is close to the frequency of unity gain bandwidth,

it may cause a phase shift and consequently, loop instability. A resistor is placed

in series to the compensation capacitance to counteract the effect of the RHPZ

66



Figure 44. Circuit scheme for the current source stability analysis.
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(56).

3.3. EXPERIMENTAL RESULTS

Circuit blocks such as buffers for data converters, clock/data recovery circuits, and

equalizers schemes for high-speed interfaces, require high-precision and broad-

bandwidth response current-references for their correct operation. As these re-

quirements entail a high-current biasing, we designed the VRBC source of Fig.

43, to generate currents in the micro-ampere domain looking for high-accuracy

against supply voltage variations. The VRBC source was fabricated in a 0.18µm

CMOS standard process with a nominal supply voltage of 3.3V. Fig. 45 presents

a partial microphotograph of the SoC along with the detailed layout view of the

designed current-reference. The total area occupied by the current-reference,

including two current mirrors (IB1 and IBN ), is 200µm×30µm.

Seeking to endorse the design considerations and concepts discussed in the

present work, we carried out Monte Carlo∗ and PVT corners† simulations on the
∗Performed with both process and mismatch variations, using a random sampling method.
†Process, voltage and temperature (PVT) corner simulations, using the following order: Pro-
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Figure 45. Microphotograph of the current-reference in use within a SoC.
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designed current-reference. Regarding the PVT testing setup, the supply volt-

age varies ±10% from the nominal value and temperature ranges from -40◦C

to 125◦C. We design the circuit assuming an external resistor of 255kΩ with a

maximum tolerance of 1%. This REXT was selected aiming to obtain a refer-

ence current where the variations caused by the leakage current (IL1,2) of the

ESD diodes becomes negligible. The voltage reference depicted in Fig. 43 is

1.26V and it comes from a bandgap circuit integrated into the same SoC, whose

maximum voltage error is 2%.

Fig. 46 summarizes the results of Monte Carlo simulations for process and

mismatch. Over 500 samples, the mean current-reference value results in roughly

5µA. The standard deviation on IREF is 84.5nA, which represents a dispersion of

±0.85% from the average current value. These results disclose a robust perfor-

mance and reliability against random variations.

As stated in previous sections, adding the cascode transistor M1 highlighted

cess NMOS - Process PMOS - Supply Voltage - Temperature; i.e., TTNN indicates Typical -
Typical - Nominal - Nominal.
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Figure 46. Monte Carlo results for the current-reference of 5µA.
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in Fig. 43 enhances the current-reference accuracy, but impacts on the circuit

stability. Thus, we tested the compensation network (combination of RC and CC)

effect through stability simulations on the current source feedback loop. Fig. 47

depicts the gain and phase frequency response of the feedback loop including the

pad capacitance and the wire bond impedance. This figure also demonstrates ro-

bust circuit stability through a phase margin of 68◦ at a unity gain frequency of

398kHz. The power-supply rejection ratio (PSRR), defined in the present appli-

cation as the rejection factor of the output current variation against supply voltage

variation, reaches 140dB at 10kHz and 80dB at 110MHz, as shown in Fig. 48.

The cascode transistor M1 inclusion makes the circuit suitable for applications

with high PSRR requirements. Clock data recovery circuits are an application

example, since the variations of the reference current produce jitter issues.

Post-silicon measurements endorse the concepts and design considerations

presented in this work. We tested the fabricated current source by ranging tem-
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Figure 47. Frequency response analysis of the implemented current-reference:
loop feedback stability analysis.
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Figure 48. Frequency response analysis of the implemented current-reference:
power supply rejection ratio.
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Figure 49. Measured 5µA current-reference sensitivity: temperature sensitivity.
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Figure 50. Measured 5µA current-reference sensitivity: supply voltage sensitivity.
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perature and supply voltage over -20◦C to 125◦C and 3V to 3.6V, respectively.

The IREF current values are extracted from the voltage drop across the external

resistance. Fig. 49 shows the experimental results and leads to a temperature

coefficient calculation of 1178ppm/◦C. The circuit also exposes a robust perfor-

mance against supply voltage fluctuations, achieving an error lower than 1% for

a maximum supply variation of ±10% from the nominal value, as reported in Fig.

50.

3.4. CCONCLUSION

In this work, a review of practical current-references selection criteria and design

considerations depending on the target power domain is presented. As traditional

current references ensure high accuracy and reliability, they are still implemented

in SoC applications. Therefore, we discuss relevant design considerations to

optimize the performance of conventional bandgap-based current reference in

high-accuracy and large PSRR applications. Post-silicon, PVT and Monte Carlo

results validate our design by disclosing a< 1% error in the current value, a PSRR

of 80dB at 100MHz and a phase margin of 68◦.
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4. SUMMARY OF CONTRIBUTIONS AND CONCLUSIONS

This chapter describes the summary of the contributions made by this re-

search work and how the research work opens the doors to new ideas of research

and development. The summary presents the main conclusions of each of the cir-

cuits developed into this research project. The contributions section presents a

review of scientific divulgation articles, presentations, and undergraduate projects

related to this research work. Finally, the future work presents some ideas to con-

tinue with the development of the low-cost circuit blocks for a high-speed interface.

4.1. SUMMARY

We present three circuit employed in different blocks of high-speed interfaces.

These circuits are integrated in a 0, 18µm CMOS technology. A summary of the

circuits developed along this research project is listed below:

• We present the design of a CTLE for USB3.0 standard in a 0, 18µm CMOS

technology. The circuit consumes a total current of 6.5mA and occupies and

area of 0, 15mm2. Power and area results show a good performance even

with CTLEs designed in more advanced technology nodes. Additionally,

we present a comparative study of the state of the art circuit techniques

employed in high-speed linear equalizers.

• We present a configurable Gm-C filter to emulate the channel response of

transmission lines. It circuit allows to program the bandwidth and attenua-

tion of its frequency response. This configuration allow to emulate different

cases of channel losses that could be presented in a high-speed link. The
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filter is integrated in a test platform that can perform the eye diagram con-

struction for the characterization of high-speed interfaces samplers.

• We present a modular bandgap-based bias current source for circuits that

require currents in the order of µAs. The currents provided by the source

have a precision of 1% in a temperature range from −40◦C to 125◦C. A

remarkable characteristic of the source that we propose is its modular in-

tegration which allow to integrate the number of required bias currents only

placing a new module in the layout. It avoids a lot of rountig work on the

integration flow.

4.2. CONTRIBUTIONS

Publishing is an important measure in academia and an imperative way to con-

tribute to the public knowledge. In this chapter, published works related to this

microcontroller are shown. Published articles will be listed in section 4.2.1 and

presentations deeply related with the circuits designed in this research work in

section 4.2.2.

4.2.1. Related articles

• A System-on-Chip Platform for the Internet of Things featuring a 32-bit

RISC-V based Microcontroller (LASCAS 2017) (57)

Ckristian Duran, Luis E. Rueda G., Andres Amaya, Rolando Torres, Javier

Ardila, Luis Rueda D., Giovanny Castillo, Anderson Agudelo, Camilo Ro-

jas, Luis Chaparro, Harry Hurtado, Juan Romero, Wilmer Ramirez, Hector

Gomez, Hugo Hernandez and Elkim Roa
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A tested and measured 32-bit microcontroller used as an open-source plat-

form for Internet of Things was presented in this paper. This paper was

published as the first silicon-proven 32-bit microcontroller sporting a RISC-

V core. A brief description about the implemented system was shown, along

with reports of the implemented SoC such as area, real measurements of

power consumption and maximum frequency. It is shown that the use of

AXI-4 lite bus for communication considers the possible implementation of

accelerators for specialized applications. This paper was presented and

published by 2017 IEEE 8th Latin American Symposium on Circuits & Sys-

tems (LASCAS).

• On the Design of Reliable Current References for High-Accuracy Ap-

plications (Submitted: ICECS2019)

Rolando Torres, Nestor Cuevas and Elkim Roa

This paper presents a summary of the design and implementation consid-

erations that must be taken into account in the implementation of current

sources for different current domains. Finally, the paper shows a circuit for

the generation of a high precision current reference (error < 1% ) for circuits

that require high speed or precision. This work was recently submitted to the

”26th IEEE International Conference on Electronics Circuits and Systems”.

4.2.2. Related presentations

• Boosting RISC-V ISA with Open Source Peripherals: An SoC for Low

Power Sensors (7th RISC-V Workshop - 2017) (58)
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Megan Wachs, Luis E. Rueda G., Albert Huntington, Javier Ardila, Jack

Kang, Andres Amaya, Ckristian Duran, Hector Gomez, Juan Moya, Laude

Fernandez, Laura Navarro, Rolando Torres, Juan Romero, Daniel Ramirez,

Julian Arenas, Juan Gomez, Hanssel Morales, Elkim Roa and Krste Asanovic.

In this presentation is shown a library of low-power analog peripherals com-

monly employed in microprocessors that includes an AON domain. The li-

brary includes circuits such as crystal oscillator, current bias source, voltage

regulator, bandgap voltage source, data converters and circuits for supply

voltage monitors. These peripherals are integrated in a RISC-V micropro-

cessor developed by SiFive, one of the companies leaders in the develop-

ment of on-chip free hardware systems. Presentation was leaded by Prof.

Elkim Roa at 2017 7th RISC-V Workshop.

• YoPuzzle: A mRISC-V Development Platform for Next Generations (5th

RISC-V Workshop) (59)

Ckristian Duran, Luis E. Rueda G., Andres Amaya, Rolando Torres, Javier

Ardila, Luis Rueda D., Giovanny Castillo, Anderson Agudelo, Camilo Ro-

jas, Luis Chaparro, Harry Hurtado, Juan Romero, Wilmer Ramirez, Hector

Gomez, Hugo Hernandez and Elkim Roa

In this presentation an idea for full PCB implementation and platforming of

the mRISC-V (or Open-V) microcontroller (named YoPuzzle) was proposed.

YoPuzzle is a way to do dynamic and fun ways to do programming aimed to

young people. The purpose of the Puzzle is encouraging young people to

use Open platforming to do projects, allowing to understand all functionality

76



from the minimum detail. Also, the fabricated silicon and test PCB was

presented, along with a live demo featuring different kind of tests with LEDs.

Presentation was leaded by Prof. Elkim Roa and Ckristian Duran (demo

only) at 2016 5th RISC-V Workshop.

• RISC-V Community Needs Peripheral Cores (5th RISC-V Workshop) (60)

Ckristian Duran, Luis E. Rueda G., Andres Amaya, Rolando Torres, Javier

Ardila, Luis Rueda D., Giovanny Castillo, Anderson Agudelo, Camilo Ro-

jas, Luis Chaparro, Harry Hurtado, Juan Romero, Wilmer Ramirez, Hector

Gomez, Hugo Hernandez and Elkim Roa

This presentation shows ideas of solution about the disadvantages about In-

tellectual Property (IP) peripheral silicon implementation inside RISC-V plat-

forms. It was exposed that Open-Hardware is the main way to avoid differ-

ent non-standardized problems. These problems are such as quality Open

Linux driver coding, solving bottlenecks about information throughput, and

standardize analog devices such as GPIO. As examples of developing work-

in-process circuitry were presented the Open-V microcontroller, Analog-to-

Digital converter, Clock Data Recovery (CDR), Phase-Locked Loop oscilla-

tor (PLL), USB 3.1 Gen 2 and its different analog modules, Pseudo-Random

Bit Shift (PRBS) generation and checking, lpDDR3 interface controller us-

ing VIP and UVM to strong verification, Trusted Platform Module (TPM) as

key handshaker, True-Random Noise Generator (TRNG), and Non-Volatile

RAM (NVRAM). Presentation was leaded by Prof. Elkim Roa at 2016 5rd

RISC-V Workshop.
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4.3. FUTURE WORK

4.3.1. CTLE implementation and measurement. The CTLE presented in

this research work should be tape out and implemented in a USB3.0 interface.

The results of measurement allows a characterization and generates feedback

for possible circuit improvements and optimization. Making a full characterization

gives information such as changes in ranges and steps of tuning. This results

helps to take decisions about the automatic gain control required by the CTLE.

4.3.2. Training CTLE algorithm design and implementation. Several algo-

rithms and routines for automatic equalization has been reported in the literature.

The CTLE designed is tunable but for a real application it must be automatic ad-

justed to obtain the performance required for each specific case.

4.3.3. Low-power precision current source. The current reference sources

are an essential circuit in integrated circuits. In modern systems where power

consumption is highly restricted and design time is very short, it is important

that current references circuits are low power consumption and easy to integrate.

Besides, it does not require pads an it should maintain low area and accuracy.

This work explored two circuit implementation alternatives to generate an ac-

curate reference current. However, it is recommendable to research in the field of

only MOSFET based current sources that avoids use of resistors and allow to get

reference currents in nanoamperes range.
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