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A VOLTAGE - CONTROLLED OSCILLATOR AIMED AT REDUCING
OPERATIONAL FAILURES AND RESISTANT TO VARIATIONS OF THE
PROCESS, VOLTAGE AND TEMPERATURE

A voltage - controlled oscillator resistant to variations of the process, voltage and
temperature is presented. The proposed method allows to detect and compensate the control
voltage value deviations due to the process variations. The system stabilizes the voltage value
during the Voltage-Controlled Oscillator (VCO) operation and therefore improves the circuit
reliability and reduces the parameter variability. The mixed-signal circuit is detecting the
changes in input reference voltage values, and based on the deviation direction, reduces its
impact. The compensation system is adjusting the reference signal value at the VCO
operation start. The proposed system is compatible for most high-speed data links and is
implemented with a standard VCO block.

Keywords: integrated circuit (IC), process voltage vemperature variations (PVT
variations), voltage-controlled oscillator (VCO)

Introduction. With the rapid scaling of transistor sizes in modern ICs, it
becomes harder to maintain wafer manufacturing and yield tests. With moving
towards more advanced technological nodes, the layout density, as well as the
number of interconnects vias and physical layers increase, which leads to further
wiring congestions and therefore additional issues during IC manufacturing. The
mentioned phenomenon leads to a longer yield ramp duration and cost inefficiency.
In order to avoid additional faults and functional fails during wafer test process, it
becomes important to create reliable structures, that will be resistant to external and
internal variations. This will help to increase the wafer yield and reduce the ramp
time. For calculating the yield and determining the faulty circuits, a full structural
and functional testing is performed [1].

Fig. 1 presents the comparison of the yield ramp for the latest technological
nodes.

Structures in the ICs become more sensitive to the process, temperature, and
voltage (PVT) variations, therefore parameter-related functional tests become more
impactful during the wafer testing process. In order to get higher yield after testing,
several PVT variation detection and calibration methods are introduced. Those
methods are implemented in various mixed-signal blocks such as Current Sources,
High-Speed Serial Links, Voltage Controlled Ring Oscillators (ring VCO), etc.
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Fig. 1. The final yield (%) depending on the technology node

Voltage-controlled ring oscillators are widely used in such systems as,
phase-locked loops (PLL), function generators, or can serve as a quantizer in
analog-to-digital converter (ADC). A VCO-based quantizer has a non-ignorable
nonlinearity due to its nonlinear tuning curve, and the quantizer performance varies
drastically with the process, voltage, temperature (PVT) deviations, which degrade
overall performance [2]. VCO calibration should maintain the VCO gain and tuning
range in accordance with PVT variations. In the compensation technique introduced
in [3], at the beginning of the calibration process, VCO starts to oscillate with a
preset tuning code, and the f; and K, are being calculated and compared with their
ideal values. Once the deviation between ideal and real values is detected, the
tuning code is increased or decreased based on the deviation direction. The process
is repeated if the system can capture a deviation between two signals. In the
proposed system two transistor arrays are added in order to gain control over VCO
gain and frequency. In the presented paper, the ring VCO is realized with 7-stage
delay buffers. Each stage consists of two cross-coupling inverters with a tail-
current source. In standard solutions the input of the NMOS transistor of current
source is being connected to some bias voltage. With this approach, the frequency
deviation from the worst to best case was fixed from 400 MHz to about 100 MHz.
This means that the system will remain stable during its operation. The problem
with the system is that it compares the current values with the ideal ones, and those
can be deviated as well, besides the system uses a large number of operational
blocks, which occupy a larger area and can lead to a yield loss as well.
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Fig. 2. The block diagram of the calibration system

Fig. 2 presents the diagram of PVT detection system, which consists of replica
VCO, frequency divider, frequency- to-voltage converter and digital logic. In [4],
the process variation is determined based on the Vthn and Vthp difference related
to VDD/2. In order to compare the p-type and n-type MOS transistors’ threshold
values, a process relative signal generator (PRSG) is used. Figure 3 presents the
diagram of the proposed system.

VDD/2

P-type Register

Process % ADC MUX ™
relative signal N-type Register
generator

Fig. 3. The structure of the process compensation method

Without the PVT compensation circuit, the rise and fall times of variations
are near 40%. After adding the PVT compensation circuit, the deviation between
the worst- and best-case scenarios is ~4%. The presented system compensates the
transition times of deviated processes. This means that by using a PVT compensation
circuit, it is possible to increase the IC yield, by implementing this in systems such
as current sources, or voltage-controlled oscillators (VCO).

The problem description. In modern integrated circuits, it is required to
generate a signal with frequency, that is based on the voltage value of some other
signal [5]. The main goal during the design process of such a structure is to build a
system with high accuracy, stability and reliability. An example of such a system is
the voltage-controlled oscillators (VCO). The functionality of these devices is to
generate an output signal with frequency, that is based on the input signal voltage
value. VCOs are used in phase-locked loops (PLL), system clock generators. VCO
generates a signal with various frequencies based on the tuning voltage of the system.
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Due to PVT variation, the controllability of output frequency can vary, which leads to
an error in the systems that use the generated frequency for their operations.

In recent years several solutions were purposed in order to overcome the
mentioned VCO nonlinearity issues. Nevertheless, those solutions are not addressing
the issues related to PVT distortions. Those are mostly based on solving the
nonlinearity issues in the VCO by implementing a digital calibration mechanism.
Figure 4 shows one of the delay cells of the VCO. The delay cell consists of two
cross-coupling inverters with a tail-current source.

One of the most important parameters for VCO is the frequency variations
for different PVT corners. Based on the designed systems those variations can
reach up to 50% in the worst- and best-case scenarios. The variations are causing a
functional test failures, and therefore a significant yield loss. Based on the number
of blocks that are connected to VCO, its deviations can lead to a significant yield
loss. In order to avoid such behavior, the VCO system can be self-calibrated based
on PVT variations. To do so, it is required to have a PVT monitoring system. The
system should capture the variations and process the calibration.
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Fig. 4. The delay cell of VCO with additional control tuners

The proposed solution. Fig. 5 presents a PVT compensation system which is
based on the system introduced in [4].
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Fig. 5. A PVT detection and calibration system for VCO

In the proposed system, the variation detection for PMOS and NMOS
transistors is separated in order to achieve continuous deviation capturing and
compensation during the system’s entire operation. The process deviation signal
generator is two transistors buffer with NMOS transistor connected to VDD and
PMOS to GND (Fig. 6) [4]. By doing so, the output of the buffer is going to have
logic “1” degraded by Vth, and the logic “0” will be higher by Vth. The output of
each PDSG is being fed to each of the differential amplifiers’ inputs. The other
inputs of differential amplifiers are connected to a VDD/2 signal, therefore the
outputs should be (VDD-Vthp) and (VDD-Vthn) for PMOS and NMOS transistors
respectively. One of the most important part during the design is the creation of the
PDSG in such a manner that it would be an exact replica to the arrays that are
connected to VCO control blocks.

Fig. 6 presents the process-relative signal generator block (a simple buffer),
whose output voltage for logical “1” and “0” is considered as “weak”, since the
NMOS and PMOS transistors are connected to VDD and GND respectively.
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Fig. 6. a- Process-relative signal generator, b- Process detection
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Ideally, the difference between two signals should be 0, but due to PVT
variation, the values are going to vary. In order to compensate the variations, the
output signal of the differential amplifier is connected to ADC, which digitalizes
the signal and connects it to the corresponding p-type and n-type registers. Those
registers are storing the control value for PMOS and NMOS transistors arrays. The
control voltages of the VCO are connected to the transistor arrays of the respective
type. Figure 7 presents the VCO systems’ delay cell with additional transistor arrays
connected to its control voltage inputs.

P-type register controls the PMOS transistors’ array. The p-type transistors’
array controls the number of PMOS transistors connected to the Vetrl of VCO.
Those transistors affect the Kvco gain value, therefore by tuning the number of
transistors that are turned-on, it will be possible to keep Kvco value stable during
the system operation. The same approach was used to tune the n-type transistors’
array. Mnl transistor controls the current source of the delay cell and therefore
determines the tuning range of the VCO.
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Fig. 7. The VCO cell of the purposed system

The simulation results. The simulation results for 80 PVT corners are
presented. HSPICE [6] circuit level simulator is used to obtain results for the
mentioned cases, including SS (slow-slow), TT (typical-typical) and FF (fast-fast)
corners with temperature and voltage variations for 14 nm CMOS technology. The
PVT variation detection and compensation system is compatible for most of analog
and mixed-signal circuits and is tested on a standard VCO block.

During the simulation process, the voltage values were found to achieve a
signal with 3 GHz and 6 GHz frequencies at the output of the VCO system. In
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order to simulate VCO system control voltage, a 10-bit ADC is used. The control
voltage changes until the moment when the desired frequency is captured in the
output system. Depending on the PVT variation, the Vctrl range for a particular
frequency can be different.

Fig. 8 presents the VCO output curve before and after the PVT compensation
system implementation.

VCO Output Curve

0.8

o
g

o
o

E 0.5
o
g
S 04
3
>
0.3
0.2
0.1
0
2.5 3 3.5 4 4.5 5 5.5 6 6.5
Frequancy (GHz)
PVT Corners
a)
VCO Output Curve
0.8
0.7
0.6
E 0.5
o
g
S o4
o
>

o
W

2.5 3 3.5, 4 4.5 5 5:5 6 6.5

Frequancy (GHz)
PVT Corners

b)

Fig.8. Voltage-frequency curve: a- before PVT compensation, b-after PVT compensation
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According to simulation results, the Vctrl variation for 3 was ~0.17 ¥ and for
6 GHz it was ~0.23 V before PVT compensation. After the PVT compensation, the
variations were ~0.13 7 and ~0.15 V respectively. This means that the variations
impact was reduced approximately by 30%. The simulation results for typical cases
before and after calibration are summarized in Tables 1 and 2 accordingly. The
results show that the voltage variations drastically change after a PVT detection
and compensation system is applied to VCO.

Table 1 Table 2
Simulation results before compensation  Simulation results after compensation

FF TT SS FF TT SS
3GHz | 018V | 024V | 031V 3 GHz 018V | 024V | 031V
6GHz | 031V | 038V | 046V 6 GHz 031V | 038V | 046V

It is important to mention the area increase of the entire system as its main
disadvantage. In order to add the controllability over each VCO buffer, PMOS and
NMOS transistors should be added into them. Besides, in order to get continuous
variation detection and calibration, 2 ADC blocks and 2 differential amplifiers should
be added. Considering these changes, the entire area of the system is increased by
10-15%.

Conclusion. A PVT tolerant VCO system is proposed in this paper. As the
results show, the proposed system reduces the variations up to 30%, which makes
the system more sustainable to them. This will reduce the operational failures and
improve the testing results after IC production, thus improving the yield value and
speed up the yield ramp process. The disadvantage of the proposed system is the
10-15% area increase, whose impact on total failures will depend on the
manufacturing process. The proposed system is compatible for most of data links
and is tested on a standard VCO block.
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2.4.anNpurnsuy

YUSNEUL LUCUGUR YUAUAUNINN, ZUKURNARRSNRULELP QELELUSAL
gNIUNCNTIUO UCTHUSULLUSEL MUQULNPULEE LIULESUULL

Utphuyugyws k gnpdpupugh jupdwi b okpdwunhdwih (ALL) sbnnudutph tjundundp
Juynit jupdwdp nijuqupyny ghbbpwnnp (LN9): Unwewlyny hwdwlupgp htwpuyn-
poeinil £ viuthu hwyntwpbpl) b jndybiuwgut) L sinnudubiph hbnbwipny wnwgwgnn
Junrwdupnn jupdwb wpdbpubph nmunwinudubpp: Zudwlupgp junitiugunid  LNS-nud
Jwupdwt wpdbtpp b, hbnbwpwp, pupdpugunid £ hudwlwpgh hntuwhnipnitp b twuqkg-
unud wwpwdbpuptph thnthnpunipnibtubpp: vunp wgquywbwihtt ujpbdwt hwjnbwpk-
poud | ununpuyghtt hEuwljuyghtn jupdwt wpdbpubph thnthnjunpniin b jupdws npu ninnnie-
g pnlnud wyt: Lwpdwb mgnuwl gnpspupugp uljuymd E L9-h wppiuinwiph uhgpnud:
Unwownlynn hmdwlwpgp Yhpwunkih Ewnjuubph thnpwtwljdwh wipuqugnps hwignyg-
ubpnud b hpugnpsyws £ unwbinupn L3 hwdwljupgh hhuwt ypu:

Unwbgpuyhlr punkp. hunkqpuy) ujubdw (PU), qnpdpupwgh jupdwl b gkpdwunh-
Quith obnnudubin (FLR stinnudubip), jupdudp nEjudupydnn qiutpunnn (LN9):

P.B. T'YMPOSH

TEHEPATOP YACTOT, YIIPABJISIEMbIA HANIPSI)KEHUEM, HAIIEJTEHHBIA
HA CHU)KEHUE PABOYUX CEOEB U YCTOMUYUBBINA K BAPUAILIASM
IMPOLHECCA HAIIPSI'KEHUS 1 TEMITEPATYPbI

IIpennaraercs ycTOMUMBBIN K BapualUsM Ipolecca, TeMIepaTypbl U HalpsKeHUs
TeHepaTop YacToT, YIpaB/IsieMblil HanpsbkeHueM. [IpecTaBieHHas cucTemMa 1aeT BO3MOYKHOCTh
O0OHapyXUTh M KOMIIGHCHPOBaTh W3MEHEHHs YIPABISIOLIETO HAINPSDKEHUS, BbI3BAaHHBIC
BapuanusmMu. MHTErpanbHas cxema co CMEIIaHHBIM CHTHAJIOM OOHAapy’KMBaeT U3MEHEHHMS
BXOJJHOTO CHTHAJIa ¥ B 3aBUCHMOCTH OT HaIpaBJICHUS U3MEHEHUSI KOMIIEHCUpYeT ero. IIpo-
LIECC MCTIPABIIECHUS M CTAOWIM3AIMM HANpsDKEHUS BBIMIOJHACTCSA B caMOM Hadaje paboThI
reHeparopa. CrucremMa cornocTaBuMa ¢ OOJIBIIMHCTBOM BBICOKOCKOPOCTHBIX CHCTEM IIeperadn
JIAaHHBIX U Peaar30BaHa Ul CTAHAAPTHOIO TEHEPATOPA YACTOT, YIPABIISIEMOTO HAMPSHKEHUEM.

Knioueevie cnoga: MHTErpanbHas cxeMa; BapHallMU MPOLECCa, TEMIEPATYPhl U HAMPS-
JKEHHMS; TEHEPATOP YaCTOT, YIPaBIIEMbI HANPSHKEHUEM.
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