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Abstract: The implementation of a programmable frequency
divider, which is one of the components of the phase-locked loop
(PLL) frequency synthesizer for digital video broadcasting-
terrestrial (DVB-T) and other modern communication systems, is
presented. By cooperating with a dual-modulus prescaler, this
divider can realize an integer frequency division from 926 to
1 387. Besides the traditional standard cell design flow, such as
logic synthesis, placement and routing, the interactions between
front-end and back-end are also considered to optimize the design
flow under deep submicron technology. By back-annotating the
back-end information to front-end design, a custom wire-load
model is created which is more practical compared with the
default model. This divider has been fabricated in TSMC 0. 18
pm CMOS technology using Artisan standard cell library. The
chip area is 675 pm x 475 pm and the power consumption is
about 2 mW under a 1.8 V power supply. Measurement results
show that it works correctly and can realize a frequency division
with high precision.
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frequency

n modern communication systems, the phase-locked loop

(PLL) frequency synthesizer is one of the basic compo-
nents. Its operating frequency depends both on the frequency
divider and the voltage controlled oscillator( VCO) U™ The
function of channel selection in the frequency synthesizer
demands programmable division ratios for the frequency di-
vider. Normally, the integer-N frequency synthesizer is more
practical, less costly and of low spurious sideband perform-
ance as compared with the fractional-N frequency synthesiz-
er™,

Many researches have focused on programmable frequen-
cy dividers with high operation frequency and multi-system
application. For example, a high-speed wideband high reso-
Iution programmable frequency divider was investigated in
Ref. [7], in which an ultra-wide range high resolution fre-
quency divider was achieved with low power consumption
for 5-6-GHz wireless LAN applications.

In this paper, a programmable frequency divider is de-
signed and implemented for the application of digital TV.
Digital TV programs can be transmitted by cable, satellite,
terrestrial, and wireless cable. There are three main terrestrial
standards: ATSC, ISDBT-T and DVB-T(digital video broad-
casting terrestrial) . Unlike many other existing frequency di-
viders, the proposed one which can be used in the DVB-T
receiver is designed based on the standard cell method and
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then integrated with other modules designed using the full
custom method to construct an integer-N frequency divider.
Measurement results indicate that the chip works well in the
frequency synthesizer. With that, the frequency synthesizer
can perform multi-modulus division.

1 Architecture of Frequency Synthesizer

In the PLL frequency synthesizer, the digital frequency di-
vider is usually realized by cascading divide-by-2 circuits for
high-speed applications'' . However, this structure can only
obtain the division ratios equal to 2", where n is the number
of divide-by-2 stages. In our design, a dual-modulus divide-
by-16/17 prescaler (DMP) and a programmable frequency
divider are integrated to obtain different division ratios for
PLL frequency synthesizers. An integer-N frequency synthe-
sizer structure is adopted in our design since the integer-N
frequency synthesizer is more practical, less costly, and low
spurious sideband effects compared to fractional-N frequency
synthesizer. In this way, the dividers can obtain any division
ratios based on the outside control signal.

Fig. 1 shows the frequency synthesizer consisting of a fre-
quency divider ( DIV), a phase-frequency detector ( PD),
charge-pump and loop-filter ( CP/LF), VCO, DMP and a
programmable frequency divider. The DMP and frequency
divider cooperate to realize integer-N divide. DMP is a di-
vided-by-16/17 dual-modulus prescaler. In Fig. 1, fo. is
generated by a crystal oscillator of 16. 5 MHz and f. is a
reference signal to detect the frequency and phase generated
by the DIV with divide-by-11 of f .. fyco, the output of
VCO, is one of the input signals of the DMP with the fre-
quency between 1 389 and 2 080. 5 MHz. Another input sig-
nal of the DMP is ModCtr which is obtained from the fre-
quency divider divided by 926 to 1 387. The frequency divi-
der has two inputs: one is ClkFront coming from the DMP;
the other is the control signal CtrlLogic. Under the control of
CtrLogic and in cooperation with the DMP, the divider can
realize the required frequency division ratios and outputs
LowOut to PD for detecting frequency and phase.
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Fig.1 Block diagram of PLL frequency synthesizer

2 Design of Programmable Frequency Divider

In this section, the structure of the frequency divider is de-
scribed first, and then the modified standard-cell design flow
is employed to obtain a specific custom wire-load model es-
pecially for deep submicron( DSM) technology.
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2.1 Basic structure

Fig. 2 shows the basic structure of the frequency divider.
It consists of two counters: one is the main counter and the
other is the swallow counter. The swallow counter is used to
control the DMP which is set to either N or N + 1. The for-
mer is modulus M while the latter is modulus A(M > A),
where M and A are two control signals that can be con-
figured in practical applications. For any given M and A,
both counters count up continuously until their values equal
A and M, respectively. Based on DVB-T standards, in our
design, N equals 16, M is an integer between 57 and 86,
and A varies from 0 to 15. So, M and A can be represented
as 7-bit and 4-bit signals, respectively. At the initial reset
state, the prescaler is set to a divide ratio of 17, but the swal-
low counter will change this divide ratio to 16 when it fini-
shes counting A number of cycles. While the swallow count-
er is less than A, its output ModCtr is high; otherwise it re-
mains low. When the swallow counter counts up to A,
ModCtr is set 0, but two counters continue to up-count.
When the main counter counts up to M, LowOut completes
one period and both counters are cleared, as shown in Fig. 3.
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Fig.2 Basic structure of frequency divider
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Fig.3 Principle of frequency division

By combining with DMP, divide-by-P can be realized
based on the following formula:

P=Ax17T+(M-A) x16 =M x16 + A

Based on different M and A, the frequency divider can be
divided by any integer from 926 to 1 387. As a result, the
VCO can work at multiple central frequencies distributing
from 1 389 to 2 080. 5 MHz with an interval of 1.5 MHz,
shown in Tab. 1.

2.2 Design and implementation

The frequency divider is designed and implemented based
on the ARM TSMC 0. 18 pm standard cell library. Unlike
full custom design , standard cell design depends mainly on

Tab.1 Examples of modulus P and fyco(frer = 1. 5 MHz)

M A Division index P fvco/MHz
57 14 926 1389
57 15 927 1390.5
59 2 946 1419
59 3 947 1420.5
60 8 968 1452
60 12 972 1458
81 1 1297 1945.5
81 8 1304 1956
84 9 1353 2029.5
84 10 1354 2031
86 11 1387 2 080. 5

EDA tools and the standard cell library. First, the function is
realized in Verilog HDL. Then a synthesis tool is used to
generate corresponding netlist. At this stage, the wire-load
model is required to predict signal delay. It is well known
that in submicron technology, especially in DSM, the more
accurate the wire-load model is, the more optimal the design
is. In most cases, the default wire-load models provided by
synthesis tools are linear respect to the fanouts of the cir-
cuit. That is to say, the default relationships among the path
delay, wire-load and wire length with the fanouts are linear.
However, that is not practical. Therefore, it is better to gen-
erate a more accurate wire-load model to improve the syn-
thesis results for a specific design'”. Fig. 4 shows the design
flow in the DSM, in which two synthesis stages are includ-
ed. One is the initialed synthesis and the other is a detailed
synthesis. In order to create a custom wire-load model before
detailed synthesis, initial synthesis and initial placement and
route( P&R) are needed when compared to the traditional
design flow(shown as the right part in Fig.4). The “initial”
means that there is no need to pay much attention to timing
because initial synthesis and initial P& R are just for creating
a practical wire-load model.
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Fig.4 Design flow in DSM

After finishing initial P& R, RC parameters and wire-load
delay are obtained and then back-annotated to synthesis
tools. Using the command create _ wire _ load, custom wire-
load models are generated in Fig. 5. From the figure we can
see that the wire-length, resistance, capacitance and area do
not vary linearly with the fanouts.

Once the custom wire-load models are obtained, the de-
sign can go on to the detailed synthesis. Tab. 2 shows the
main synthesis constraints set for the synthesis tool. In this
design, the clock period should not be more than 8 ns. Con-
sidering the margin for the back-end design, the clock period
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is constrained to 4 ns for practical purposes. For the clock
network, both clock latency and uncertainty are set as 0.5
ns. ClkFront, a clock signal with low frequency, and clear
signal ClIr are set as do not touch. Of course, the maximal ar-
ea is constrained to zero to minimize the chip area. Using
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Fig.5 Generated custom wire-load model. (a) Wire-length
vs. fanout; ( b) Resistance vs. fanout; (c¢) Capacitance vs. fanout;
(d) Area vs. fanout.

Tab.2 Synthesis constraints

Properties in DC Value

Clock period/ns 4

Clock latency/ns 0.5
Clock uncertainty/ns 0.5

Do not touch network ClkFront, Clr
Net drive ClkFront, Clr
Maximum area 0

the above constraints and the custom wire-load model, better
results can be achieved after a detailed synthesis when com-
pared to the default wire-load model.

The next steps are floorplanning and P& R, which belong
to the back-end design and can be completed in Apollo II .
Normally, there are many steps in back-end design. The
chip area, power and ground( P/G) pad numbers, and core
aspect ratios are considered according to the synthesis results
and I/O numbers and their placements. The chip area should
include the core area and P/G network area. Typically, the
core aspect ratio is set as 1 : 1.

The P/G pad numbers can be evaluated based on the elec-
tro-migration and IR drop as follows. Power consumption re-
ports of detailed synthesis show that the core power con-
sumption P_ . is 0. 76 mW. Thus, the core power consump-
tion should be up to 1.4 mW if a 50% margin is set. In
TSMC 0. 18 pum CMOS technology, the core supply voltage
V.. 1s 1.8 V and the maximum current that an I/O pad can
tolerate is 26 mA. So, the core current is calculated as i =
P../V..=0.64 mA, thus one pair of P/G pads is enough
for this design. To determine the width of the power strap,
the electro-migration and IR drop should be considered.
From the technology data we know that the square resistance
of metal 1 R, =0. 101 Q) per square and the current density
Jy =1 MA/pum. Based on electro-migration, the minimal
width of the power strap should be W, =1, /J, =1 pm
wide. Then the power strap length L, should be checked to
see if the IR drop is less than 5% of VDD,,. Since L, is
about 150 pm, the IR drop Vi, wup = Lup X Rypp = R X
e X Ly = 0.016 V. <0.090 V( =5% of VDD
Therefore, the floorplan of the design meets the require-
ments of both electro-migration and IR drop. Otherwise, the
minimal width of a power strap should be recalculated ac-
cording to the IR drop.

After P& R, a static timing analysis (STA) can be per-
formed. The back-end design results, such as set_ load,
standard delay format ( SDF) and PDEF files can be back-
annotated to the timing analyzer to analyze the static timing.
The analysis results show that both the hold time and the
setup time satisfy the design requirements.

The last step of the design flow is verification. It can be
done in Cadence Virtuoso through DRC(design rule check)
and LVS (layout-vs-schematic) tools. Additionally, RC pa-
rameters are extracted for transient analysis in HSPICE. The
results of the transient analysis are shown in Fig. 6. In order
to obtain a complete period waveform, the period of both Clr
and ClkFront are configured as 320 ns and 8 ns, respective-
ly. The waveform shows that the division precision is identi-
cal to the simulation result.
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Fig.6 Transient simulation result

3 Measurement Results

The frequency divider is fabricated using TSMC 0. 18 pm
CMOS technology and ARM standard cells. Fig. 7 is its lay-
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out with a 675 pm x475 pm area. 4 Conclusion

A programmable frequency divider is implemented in
TSMC 0. 18 pm CMOS technology based on standard cell.
By back-annotating the useful messages of back-end design
to synthesis tools and creating a custom wire-load model, a
more precise design flow for DSM technology is obtained.
Measurement results indicate that the frequency divider
achieves the expected precision. Finally, the PLL frequency
synthesis with multiple central frequencies for DVB-T is re-

Fig.7 Die photo of the frequency divider alized and works well when the frequency divider is mixed
with the other modules designed with the full custom meth-
Fig. 8 shows the measurement results of ModCtr and Tab.  od.
3 gives some of the measurement results of their duty cycle
where A =15, M =64 to 112 and ClkFront = 120 MHz. We References
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