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SUMMARY

A programmable digital frequency divider suitabte millimeter wave Phase-
Locked Loops (PLL) applications implemented in ar®f standard CMOS process has
been presented. The frequency divider architedaatires 4 parallel divider chains, each
one of them implementing a single division ratibleTdesired frequency division ratio is
then selected using the two control bits of an outpto 1 multiplexer. To the extent of
maximizing the frequency of operation, each freqyedivider block has been realized
using dynamic precharge-evaluation logic. The desigan improved dynamic logic D-
FF is presented, and an alternative technique fdeiment high speed non-power-of-2
division ratios is considered. Post-layout simolasi have shown a maximum operating
frequency of 5 GHz with a power consumption of 7rh¥V from a 1V supply. The
maximum speed of operation is also dependent upenvoltage supply, showing a
higher maximum input frequency when the voltagepbus increased. A list of claim
and innovations is presented in the conclusion,randmmendations for future work are

presented as well.



CHAPTER 1

INTRODUCTION

During the past 10 years, the connectivity featofeslectronic devices have seen
a tremendous expansion. This phenomenon can baiea@l by considering different
points of view. On one side, the improvement of théroelectronics processes,
especially for complementary metal oxide semicotmu@CMOS) technology, allowed a
drastic reduction of the power consumption, andnarease of the maximum operating
frequency at which active devices can operate. s combined factors allowed the
integration on a single silicon die of both digagnal processing at base-band, and radio
frequency signal conditioning, filtering and amyl#ition at frequencies up to several
gigahertz. The possibility of integrating all thenttionalities of a full wireless
transceiver on a single chip, allowed a consistarst scaling and a reduction of the
silicon die area compared to compound semicondsi¢émhnologies. Under this point of
view, the technology improvement created a newespato the market for new possible
applications, and the phenomenon can be seen asntigy driven”. Under another
perspective, the need for high-speed and flexiblarounication systems, can be seen as
something required by the every day growing globatiety, for both business and

personal uses. It's difficult to make a definitisatement on what perspective should be



adopted on this point, but one result of the higéesl wireless networks diffusion, is the
overcrowding of the electromagnetic spectrum. Asreasingly number of new standards
and regulations (FCC in the United States), alldles efficient use of the available
frequency spectrum, and intelligent channel actesisniques (like CDMA, WCDMA,
etc.) permit the simultaneous use of common frequebands by multiple users.
Nonetheless, the newest wireless applications (fikgh-quality video streaming) are
extremely demanding in terms of bandwidth. To fége problem, the allocation of new
frequency bands has been necessary, and the fggapactrum in the multi gigahertz
range has been allocated. Inside this categoryewf frequency bands, the 7 GHz wide
spectrum around 60 GHz (IEEE 802.15 WPAN standardne of the newest and more
promising. The challenges in 60 GHz radio applarsi are several, like the high
attenuation in the air due to the oxygen absorppeak, and the difficulties in operating
inexpensive technologies (like CMOS) at such higlydiencies (lossy substrate and low
transconductance devices). The recent scaling ocD6EMrocesses down to 90-65-45 nm,
allowed the operation of standard Si-CMOS proceasé®quencies above 60 GHz, and
the remaining limiting factor that the CMOS teclomy is still facing is the maximum
output power delivered to the transceiver antetwvever, since the 60 GHz radio is
mainly intended for short-range applications (startge radar and wireless personal area
networks), this last consideration is not that ssue. Consequently, several realizations
of 60 GHz integrated transceivers have been prawedork, and have been recently
published in the technical literature [1], [2].

In the overall transceiver system architecture, fileguency synthesis from a

fixed reference frequency (i.e. from a crystal batr) is an essential building block.



Because of its better noise performances compavedther solutions (i. e. direct
frequency synthesis), and channel selection avhilathrough the loop division ratio
modulation, the phase lock loop (PLL) frequencytbgsis is the natural choice for such
an application.

This work is intended to focus on the frequencytlsgsis problem at multi
gigahertz frequencies. Specifically, the designaoprogrammable frequency divider
chain for a PLL frequency synthesizer is taken iobmsideration. The purpose of the
presented programmable divider is to enable frecgtehannel selection capability in a
PLL frequency synthesizer system. The maximum ifigeuency for this device is up to
5 GHz with 7.14 mW power consumption with 1 V vgkasupply, while the available

division ratio ranges from 24 to 27 in unity steps.



CHAPTER 2

MULTI-GHz FREQUENCY SYNTHESIS

2.1 — Phase-Locked Loop Frequency Synthesizers

The implementation of the frequency synthesis inuti GHz application is often
performed closing a voltage controlled oscillatviCQ) into a loop, to the extent of
phase-locking the output frequency to an inputresfee frequency signal. The reason for
that, is that there are no practical means to geéaexr pure (in terms of phase noise) and
stable (frequency drift free) reference frequentpve few GHz. Such a feedback
system, able to lock a high frequency VCO outpua tmuch lower reference frequency
signal, is called phase locked loop (PLL) [3]. Tpical arrangement for a PLL system

is shown in Fig. 1.

fres vCO

PFD/CP

Programmable

M P

Fig. 1. Typical PLL system architecture.



To describe the behavior of a PLL frequency syngeesa linearized model is
often used. Moreover, to the extent of emphasitivegg phase-locking mechanism, the
phase domain is chosen for the analysis. In ordegproceed with the analysis, each
building block of the PLL needs to be modeled ia pihase domain.

The phase-frequency detector (PFD) can be interpreted as a functional block
having the output signal proportional to the phddérence between the two input
signals. The proportionality factor is set to bgiditless).

The charge-pump (CP) can be modeled as a trans-conductive block, tbamsfig
the phase difference into a proportional curreiiie proportionality factor kis defined

as follows:

k :I_p |:'u_A;:|
2 ra

|, : charge - pump maximum output current

Following the loop path clock-wise, the block aftee CP is théoop filter: its
purpose is to integrate the current pulses gercelatehe PFD/CP blocks. The transfer
function of the loop filter has the units of impeda [2], being the output voltage
generated from the CP output current. The impedahtee loop filter will be identified
with Z(s). Since the loop filter must integrate the inputrent, its transfer function will
be a low-pass type. For the purposes of this wbeksecond order loop filter that will be

considered is the one reported below:
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In the phase domain, tiveltage-controlled oscillator (VCO) can be modeled like
an integrator having a proportionality factor gf.k The proportionality factor units are
[Hz/V]. The VCO transfer function will therefore bk, /s.

Eachfrequency divider block performing a frequency division by a factdrN,
will divide the phase of the input signal by N asliwTherefore, a frequency divider
block can be modeled with a simple divide-by-N kloc

The resulting block diagram for the linearized R&lshown in Fig. 2.

PFD/CP

§ . T N\ LOOP FILTER f
ref + |—— —— out
o—»O— ko t Kveo/S o

' |
|

vCoO

L !

Frequency Divider

IN

Fig. 2. Linearized PLL model.



In the phase domain, the transfer function of the Rom the reference signal

phase @1, to the VCO output signal phad®)(is the following:

90 — a)o/ S - a)o - sz(s)kvco

O Wa/S Wu o, KZ(Keo
N

As can be seen, the transfer function for the gha$¢he input/output signals, is
the same as for the frequencies of the input/ouspyitals. Applying the final value

theorem to evaluate the asymptotic behavior oflstéem at locking (+ ), we have:

w stk Z(s)k,
° =lim—2=2 52 =N
Wi -0 S+M
N

t o0

So, the PLL performs a frequency multiplicatiortloé input signal by a factor N.
From this relationship, it is evident that if N clggs to N+1, the output frequenfgywill
increase by, . Therefore, the programmability of the frequedoyider in the feed back
loop allows the output frequency to change in stegpsng a minimum spacing equal to
the input reference frequency. If an output freqyestep bigger than the reference
frequency is needed, the frequency divider chaim lba rearranged placing a fixed
divide-byP frequency divider stage (prescaler), in front gbragrammable frequency
divider stage N1). This way, the overall division ratio will b®1-P, and the output

frequency step will b@-fi¢ .



2.2 — Frequency Dividers in Phase-Locked Loops

In modern integrated transceivers operating ataware frequencies, one of the
most critical parts is the frequency divider chairthe PLL frequency synthesizer. Being
the VCO output frequency in the order of several zGkhe problem of actually
implement the frequency division at such high freagties is a non trivial one. In fact,
depending on the frequency that needs to be dividé@rent approaches can be used.
The simplest way to implement a clock frequencysiiv is to design a digital counter,
with a digital logic resetting the counter aftenamber of input clock cycles equal to the
division ratio have been counted. The drawbackhaf kind of solution is the limited
maximum frequency of operation due to the digitagi¢ with which the counter is
implemented. Usually, such a frequency divider wgerate up to few GHz (typically no
more than 3-4 GHz). On the other side, such a &equdivider has the advantage of low
power consumption, and the possibility of beinggrammable by dynamically changing
the resetting logic (and thus the division ratidjhen a higher frequency division is
necessary, a purely analog solution has to be takenconsideration. The two main
solutions to multi-GHz frequency division are: neastlave (MS) latch divider, and
injection-locking divider (ILD). The MS divider engys a two stage regenerative divider
(Fig. 3) based on analog differential latch (Fig.td perform a divide-by-2 frequency

divider stage.



LATCH LATCH Vout
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Fig. 3. Master-Slave frequency divider block dagr

R1 R2

D D’ Q'
M1 M2 M4 M5
CLK+ | M3 CLK- | M6

Fig. 4. D-latch possible implementation for mastiewe frequency divider.

The ILD solution, instead, exploits the injectipulling effect on a VCO tuned at
a frequency the half of the injected one. A possibhiplementation for the ILD is by
means of a cross-coupled LC-tank VCO. To the extémyjecting the input differential

signal, a NMOS-PMOS couple is used across the dvtepminal of the VCO (Fig. 5).
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Fig. 5. Injection-locking frequency divider crosstipled implementation.

The ILD solution allows the highest frequency otmgtion but, in general, offers
a narrower bandwidth and higher power consumptidrerwcompared with the MS
solution. In actual millimeter-wave PLL frequengynthesizers, a possible approach is to
employ an ILD for the very first stage of the fregay divider chain (being the one
operating at the highest frequency), and to usedMisler stages until the frequency is
scaled down to values (3-4 GHz) at which a fullgi@l frequency divider can be used.

The resulting architecture is shown in Fig. 6.
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Fig. 6. Millimeter-wave PLL frequency synthesizectsdtecture.

In the system of Fig. 6, the digital frequency den is indicated as a
programmable divider, thus allowing a frequency rected selection capability. It is
straightforward to understand that, the highestrtfaimum frequency of operation of
the programmable frequency divider, the smaller tibenber of ILD/MS frequency
divider stages. Moreover, the lower the number igh Hrequency divider stages, the
lower the power consumption as well. Thereforeas iin the interest of the designer to
maximize the maximum operating frequency of thatdigrequency divider portion of
the divider chain, in order to achieve a lower powensumption of the overall PLL.
Another aspect to point out in the design econosithe area consumption of the
MS/ILD blocks compared with the area consumptiowligftally implemented frequency
dividers. Since the ILD/MS dividers are full custoemalog blocks incorporating
inductors, the chip area required for their implatagon is, in the most cases, wider than
the area required for digitally implemented frequesynthesizer blocks. Moreover, a

digital frequency synthesizer can be implementethgustandard-cell libraries and

11



dedicated computer aided design (CAD) tools allgnamminimization of the layout area

and a verification of the timing constraints.
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CHAPTER 3

PROGRAMMABLE FREQUENCY DIVIDER

3.1 — Implementation of Frequency Dividers in PLLs

The implementation of channel selection in a Pldgfrency synthesizer requires
programmable frequency dividers operating at hrglqdency. The most straightforward
way to implement a divide-by-2 digital frequencyider is to use a toggle flip-flop (T-

FF). A possible implementation for a T-FF is shawikig. 7 (a).

s

O} —
(a) T-FF divide by 2
T divider
—7PCLK /Q
L L L OUT CLK
D Q D Q D Q
IN CLK
—7PCLK /Q[— P CLK /Q [— P CLK /Q [—

(b) cascaded T-FF divide by 8 divider

Fig. 7. Divide-by-2 T-FF (a) and derived divide-8yb) structures.
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As can be seen from Fig. 7 (a), a T-FF can be impiged using a D-FF feeding
back the negate output /Q to the input D. The itk to be divided is then provided at
the CLK input. Cascading n T-FF stages as showign7 (b), it is possible to divide the
input frequency by a factor of'2Therefore, the limitation of this approach istttize
division ratio will be constrained to be a powerRRofAs already stated in Chapter 2, to the
extent of switching the output frequency to thetreejacent channel, it may be needed to
change the division ratio to the next integer vategquiring the programmable frequency
divider to divide by a non-power-of-2 division mtiFor this reason, another approach to
the frequency divider implementation is needed ¥vgne a non-power-of-2 division
ratio is required.

A possible approach to divide the frequency of ecklby a non-power-of-2
division ratio is to implement a counter with arpegpriate reset logic. The reset logic is
needed to load the initial state (zero) every ttiree counter reaches a number of cycles
corresponding to the desired division ratio. Theckl diagram for such a frequency

divider implementation is shown in Fig. 8.

CLK out
—>
CLK_in DIGITAL
—D counTER 7] RESETLOGIC
RESET

!

Fig. 8. Digital frequency divider block diagram.
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In this work, the focus will be on the implementati of a programmable
frequency divider featuring divide-by-24-25-26-2vision ratios. The architecture of the
frequency divider is made up of four frequency déri chains. The desired division ratio
is then selected by mean of an output multiplexartrolled by two control bits. The

resulting structure is shown in Fig. 9.

- +8 +3

— 5 +5
DO

CLK - IN b1 CLK - OUT

D2
D3

— 2 +13 I I
A B

—H <3 +3 +3

Fig. 9. Programmable frequency divider system diagr

To the extent of better contextualize the use a #bove programmable
frequency divider, a 53 GHz PLL frequency synthesiwith output channel selection
application is next considered. For a 53 GHz apgibn, the very first frequency division

(down to approximately 26 GHz) is usually impleneghthrough an ILD [4], and the

15



subsequent fixed division ratio dividers can be lemgented using a dynamic MS
topology. At the end of this chain, the programmeafskquency divider can be placed
with less stringent maximum operating frequencyumements. As already seen in
Chapter 2, this frequency scaling technique catiseminimum output frequency step to
be wider than the input reference frequency byctofaequal to the fixed division ratio
chain. Even though the channel spacing is set tio lbige order of 2 GHz, the use of an
input reference frequency in the order of tens d¢davtan facilitate achieving a fixed
division ratio up to 80-100.

The 53 GHz PLL architecture herein considered eswshin Fig. 10.

49,68 GHz

27 MHz 51.84 GHz
54.00 GHz
27 MHz 56.16 GHz
b [Toop |
PFD/CP < . VCO
Filter
Programmable High frequency
/ Divider /5 divider -
- /16
- 124 - 127 ‘ [
I x 648 MHz 3,240 GHz
A B 675 MHz 3.375 GHz
Control bits 702 MHz 3.510 GHz
729 MHz 3.645 GHz

Fig. 10. 53 GHz PLL frequency synthesizer exempidythe application of the presented
programmable frequency divider.

Switching the division ratio from one value to adjagent one, the output
frequency will experience a step of 2.16 GHz, while programmable frequency divider

input frequency will range from 648 MHz to 729 MHz.
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In the following sections, the operating principlaad the actual implementation
of each frequency divider block used to syntheteecomplete programmable frequency

dividers, are reported.

3.2 — Divide-by-2 frequency divider

The divide-by-2 block is implemented using a simplEF. As previously stated,
a T-FF can be realized using a D-FF with the negatput fed back to the data input
(Fig. 7 (a)). Therefore, the core of the T-FF B-&F, and its maximum operating speed
will set the maximum frequency that the T-FF camid#. In order to achieve the
maximum possible operating frequency, it is neagsda select the appropriate
implementation for the D-FF, choosing between tifferént circuit topologies available.
Standard cells D-FF are usually implemented exppia positive feed back memory
element, with the additional logic needed for clgaeset, and other functionalities that
may be desired. A possible schematic for a CMOSFOs=shown in Fig. 11. Such a
realization for the D-FF is said to gtic, since the memory element stores the state of
the D-FF as far as the power is supplied. It iewotthy to mention that a static random

access memory (SRAM) element, exploits the samédamesm to store its logic state.
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CLK

Fig. 11. Static D-FF typical implementation.

Another possibility to implement a D-FF is by meaindynamic logic. In this
kind of realization, the logic state is stored e tparasitic capacitance of a high
impedance node of the circuit. This method providersyy high speed of operation, but
imposes a limit on the minimum refresh frequencyvhich the circuit can operate. In
fact, this type of state storing mechanism hasdtavback of being sensitive to the
leakage currents discharging (or charging, depegndim the logic value stored in the
node) the small parasitic capacitances. If thekcfzeriod is longer than the time needed
for the voltage (representing the logic state) topdbelow the logic threshold, the
functionality of the circuit would be compromised.

A dynamic logic D-FF needs to be edge-triggered.tfiis extent, the circuit
timing is decomposed into the so call@@-charge andevaluation phases. The principle

of operation is exemplified in Fig. 12.

18



VDD VDD

| \ |
PULL-UP . Leakage | PULL-UP
nETwoRk| Charging Current |NETWORK
(PMOS] Current o (PMOS) »
Radaiial L —— =
] PULL-DN ouT A PULL-DN | OUT
HETWORK NETWORK
(PMOS) Cpar . T‘“’“f (PMOS)
P /’ \ / PaS \ P
CLOCK =0 I CLOCK=1 I
Precharge Phase Evaluation Phase

Fig. 12. Pre-charge and evaluation phases in andigriagic.

The circuit shown in Fig. 12 is positive edge-teged, meaning that the input D
is sampled in correspondence of the clock risingeed’he input portion of the circuit
(pre-charge), is transparent when the clock ihenlow state (logic 0). During this time
interval, the node A is reproducing the logic vaprevided at the input node D. When
the clock switches to the high state (logic 1), itigut portion of the circuit becomes no
longer transparent to the input, and the logic @atored at the node A is passed to the
output node Q. Since the output Q reproduces tpatinalue at the time the clock
switches from the low state to the high state {pbobuld have been the opposite), this
kind of logic is said to be edge-triggered.

For the purposes of this work, the selected D-R#oltmyy is shown in Fig. 13.

The presented schematic is an evolution of the [pBposed in [6].
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2 v
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D | C'-LE RESET

CLK

-

Fig. 13. D-FF implementation.

As can be seen, a fast reset is implemented WRM®S transistor connected to the
pre-charged node. In fact, being the pre-charge mosmall capacitive load, a NMOS
device shunted to ground can discharge the nodktlenefore reset the D-FF) in few
tenths ps. The layout of the D-FF implemented i80anm CMOS technology is

shown in Fig. 14.

20



Fig. 14. CMOS dynamic logic D-FF layout.

3.3 — Divide-by-8 frequency divider

The divide-by-8 frequency divider block is realizbg a simply cascading 3
divide-by-2 blocks (each one of them being a T-BE,shown in Fig. 7 (b)). The
maximum frequency of operation for this block ie game as for the divide-by-2 block,
since the input stage is the one operating at ihfeet frequency. The final layout of the

divide-by-8 block is shown in Fig. 15.

21



Fig. 15. CMOS dynamic logic divide-by-8 block layou

3.4 — Divide-by-3 frequency divider

In order to divide the input clock by 3, the contienal approach of using a T-FF
cannot be used. In fact, a cascaded T-FF frequénajer allows only divide by power
of 2 division ratios. Other approaches are avadlabke the one employing a counter
with reset (Fig. 8). This kind of solution, howeyéias the drawback of an increased
complexity, since a digital counter needs to belemgnted. Therefore, another approach
has been chosen for the implementation of the dibgl3 and divide-by-5 frequency
dividers. The solution chosen has been first pitesem [5] and exploits two main
building blocks: a half-transparent register, andDd.atch element (Fig. 16). The
principle of operation of this kind of divider i® tdifferentiate the behavior of the
feedback loop depending on the output logic vall&ng a half-transparent register to
give different delays to the logic value 1 (1 clanjcle) and to the logic value 0 (2 clock

cycles), odd division ratios can be easily obtainelding this approach, and cascading n-

22



2 half-transparent registers in front of the D-latlement, a divide-by-n frequency

divider is obtained.

n-2 input registers

PR -
L_.IN — N b ob—
HT HT
REG REG ouT
b CLK b CLK b CLK  /Q
CLK {_

Fig. 16. Divide by n divider block diagram.

Since the division ratio equals n-2, the minimunvigion ratio that can be

implemented is 3. The resulting architecture ioreg in Fig. 17.

HT

REG ouT
CLK /Q

CLK

CLK

Fig. 17. Divide-by-3 block implementation.

The implementation of the half-transparent registeshown in Fig. 18, while the

D-FF has been implemented following the schemaported in Fig. 19.
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N p z

ouT

CLK L <L

Fig. 18. Half-transparent register implementation.

The reason why the D-FF implementation of Fig. ifleds from the one of Fig.
13, is that the former doesn’'t need any reset signgroper operation of the frequency
divider, while the reset signal is essential foe timplementation of the frequency
dividers presented in the following sections.

The layout of the half-transparent register showFig. 18, is reported in Fig. 20,

while the layout corresponding to the D-FF showfimp 19, is reported in Fig. 21.
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Fig. 19. D-FF implementation for divide-by-3 andide-by-5 blocks.

Fig. 20. Half-transparent register layout.
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Fig. 21. D-Latch implementation layout.

The final layout for the divide-by-3 frequency dier is obtained cascading the
half-transparent register and the D-Latch. In oraefacilitate the connection, the two

blocks have been laid out with the same height.r€kalting layout is shown in Fig. 22.

Fig. 22. Divide-by-3 frequency divider layout.
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3.5 — Divide-by-5 frequency divider

The divide-by-5 frequency divider block is realizddllowing the same
architecture used for the divide-by-3 frequencyiddv. Therefore, the same half-
transparent register and D-Latch blocks have beed.urhe only difference relies in the
number of half-transparent registers placed intfadnthe D-Latch. For the divide-by-5
frequency divider, the number of stages require8. i$he resulting layout is shown in

Fig. 23.

Fig. 23. Divide-by-5 frequency divider layout.

3.6 — Divide-by-13 frequency divider

The divide-by-13 divider block is implemented fallmg the principle
exemplified in Fig. 8. Therefore, the implementatmf a synchronous counter with reset
is required.

The approach followed to implement the frequeneyddir, exploits JK-FF based
static digital counter. The circuit schematic fothaee bits counter is shown in Fig. 24.
As can be seen, the counter is made up of threERJKwith a simple AND gates

additional logic. The principle of operation is tleach JK-FF has to toggle when all the
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JK-FF in front of it are set to 1. To achieve tlugic functionality, the AND gates logic

is exploited.
1
-3 | SET HET out
I— J Q J T Q J T Qp—
P P >
r K CLH a — K CLR E K (ZLHE
CLK_IN
RESET

Fig. 24. JK-FF based digital counter.

In normal operation, the RESET signal is alwayssait(logic 0), and the counter
will count all the states, starting from 0 t&-2, where n is the number of JK-FF stages.
Since the frequency divider implemented with thgitdl counter features a division ratio
eqgual to the number of states the counter goesghraf the division ratio N differs from
2", counter needs to be reset after N cycles. Toetisnt, an additional logic generating
the RESET signal is used. In the case of the dibidé&3 frequency divider, the
minimum number of counter stages is 4 € 16). To the extent of maximizing the
operative frequency, the RESET signal can be pigl) so that the delay introduced by
the recognizing logic can be as long as the clasiod, without affecting the correctness

of operation. The resulting divide-by-13 frequewltyider is shown in Fig. 25.
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Fig. 25. Divide-by-13 frequency divider schematic.

This divider has been implemented trying to minenthe series connections
between the logic gates, to the extent of miningzthe total delay to generate the
synchronous reset. The maximum operating frequéncthis divider is, in fact, set by
the time needed to reset the counter once the iogusgquence reaches 12 (since it starts
at 0). To avoid critical races issues, the reggtadiis synchronized using a D-FF clocked
with the input clock signal.

A JK-FF can be implemented using a D-FF, with arditamhal logic

implementing the desired functionality. The JK-Fith table is reported below.

TABLE 1.JK-FFTRUTH TABLE

J | K| QOnext

0] 0| Qerev

0|1 0

1/0 1

1| 1| /Qprev
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As can be easily seen, a possible implementationttie additional logic

necessary to implement the JK-FF functionalityhis bne shown in Fig. 26.

, L
T

Fig. 26. JK-FF implementation with D-FF and addiibinput logic.

— Q

ulf

CLK RES

The transistor level D-FF implementation is the om@orted in Fig. 13, featuring

a fast RESET functionality. The resulting layout flee JK-FF is shown in Fig. 27.

Fig. 27. JK-FF layout.

The divide-by-13 frequency divider layout is regorin Fig. 28.

30



Fig. 28. Divide-by-13 frequency divider layout.

3.7 — Output Frequency Selector

The output frequency selection functionality islimsd by mean of a digital
multiplexer. The maximum frequency of operation fbis block does not represent a
relevant issue for the frequency divider, since dhgut frequency is the lowest in the
circuit, and the performance bottleneck is likalybe represented by the input frequency
dividers (divide-by-8/5/2/3). Moreover, the chanseiitching operations won'’t happen at
a speed higher than few MHz, even if a channel-mgpdeature needs to be
implemented. Therefore, a static architecture Herdutput multiplexer represents a good
compromise in terms of simplicity and compactneBse schematic for a possible
implementation of a four-input multiplexer is shown Fig. 29. The multiplexer final

layout is reported in Fig. 30.
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Fig. 29. Output frequency selector (4 to 1 Multyg® schematic.

Fig. 30. Output frequency selector layout.
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3.8 — Complete Programmable Frequency Divider

The layout of the implemented programmable divige2d to divide-by-27
blocks in a standard 90nm CMOS process is showkFigare 11 (as represented in the
Cadencel Virtuoso environment). In the diagram, the singlider chains are
highlighted in red. Each divider chain is placedizmntally, and all the chains are fed
with the same input signal. Actually, each divisratio is realized at the same time, and
the output selection is made using the output pleker. The complete layout of the

programmable divider is enclosed in a rectangl&08f x 200um?.

Fig. 31. Complete frequency divider layout.
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CHAPTER 4

SIMULATION RESULTS

4.1 — Simulation Environment Setup

In order to estimate the performance of the desigm@grammable frequency
divider, a simulation environment capable to tak® iaccount the actual models for the
CMOS technology employed needed to be used. Morepwst-layout parasitic effects
need to be considered as well. To this extent, G@@e Analog Environment, and
Virtuoso Layout editor have been used. The techgywlemployed for this design is a
standard 90 nm CMOS from ST-Microelectronics.

Transient simulations have been employed to evalileg maximum frequency of
operation for the frequency divider. To the extehtaking into account the worst-case
scenario for the loading condition, the divider puithas been loaded with a 500 fF
capacitor. To take into account the parasitic ¢feamn the input waveform, the input
square wave has been filtered with an RC laddeneié. The resulting setup is reported
in Fig. 32. The square wave input signal alternbeta/een +1 V and 0 V, while the input
RC ladder filter elements,sRnd G, have the values of 10Q and 100 fF. The power

supply has been setto +1 V.
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Fig. 32. Simulation setup for transient analysis.

4.2 — Transient Simulation Results

Parasitic-extracted simulations (Fig. 33) showee divider working properly
until 5 GHz with a power consumption of 7.14 mWhnrohe 1 V supply. To the extent of
evaluating the impact of a variation in the voltageply to the maximum operating

frequency, the voltage supply has been swept frdn\M0to 1.1 V. The results are

reported in Fig. 34.
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Fig. 33. Parasitic extracted simulation results &Hz.

5.5

——\Vdd =0.9V, IBIAS = 6.63 mA
——\Vdd =10V, IBAS =7.14 mA
5.04—{- &- Vdd = 1.1V, IBIAS = 7.95 mA

Maximum Input Frequency [GHz]

24 25 26 27

Division Ratio

Fig. 34. Maximum input frequency vs. Division rata different voltage supplies.

As can be seen from Fig. 34, when a voltage suppl§.1 V is applied, the
maximum operating frequencies for all the availabligision ratios is increased.
Conversely, when the voltage supply is decrease@.QoV, the maximum operating
frequencies are reduced as well. For more clantydarification, the numeric results are

reported in Table II.
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TABLE 2

PROGRAMMABLE FREQUENCYDIVIDER PERFORMANCE

Maximum Input Current Voltage Suppl
Division Ratio Frequency Consumtpion g[V] id
[GHZ] [MA]
24 4.3
25 4.0
= 13 6.63 0.9
27 4.9
24 4.5
25 4.2
- 1 7.14 1.0
27 5.0
24 4.7
25 4.3
2 8 7.95 11
27 5.2
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CHAPTER 5

CONCLUSIONS

In this work, a programmable frequency divider ailié for millimeter wave
phase-lock loops has been presented. The frequiivicker has been implemented in a
90 nm standard CMOS technology. To the extent okimiaing the operative input
frequency, the higher frequency digital blocks bE tfrequency divider have been
realized using dynamic precharge-evaluation lodworeover, a non-conventional
method to implement non-power-of-2 division ratibas been used for the higher
frequency divider stages (input stages). In thiewahg, a list of claims, innovations, and
possible improvements for the presented desigepisrted:

1) This approach represents a trade-off between dynaharge-sharing logic
dividers and a purely static architecture, offeriigher maximum speed of operations
with respect to previously published dividers [@hd obtaining a much lower overall
power consumption for the complete programmablaldry

2) The addition of a fast reset implementation in &waluation stage of the
dynamic D-FF (Fig. 13) allowed higher speed resahe divide-by-13 divider compared
with traditional static D-FF designs;

3) The implemented architecture is modular, and tloeeekasily expandable:
addition of new frequency division ratios and/otpui channels can be done just adding
the required divider chains and setting the neededber of control bits to the output

multiplexer;
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4) Since the presented programmable frequency dividesuited for PLL
applications, not 50% output frequency duty-cyabesinot represent an issue thanks to
the edge-triggered logic implemented in the mostspHrequency detectors (PFDs): this
fact allows the simplification of the divider artdtture thus allowing higher maximum
operating frequencies;

5) Power consumption can be further reduced withowyt @m@ximum speed
degradation, switching off the unused divider chanihen the desired one is selected by
the output multiplexer;

6) Since the reported [8] voltage-controlled oscillato(VCO) maximum
bandwidth for standard CMOS implementations ishi@ order of 5-8% of the 60 GHz
center frequency, channel switching capability issquirement to exploit the whole 7
GHz frequency spectrum. Moreover, recent developsném the standard definition
(IEEE 802.15 working group for WPAN) have set thamnel bandwidth to be in the
order of 2 GHz, thus requiring a channel seleciimplementation in a multiplexed

operational environment.
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