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The Designof High Frequency True Single Phase
Clocking Divider-by-3 Circuit

Masayuki lkebe, Yusuke Takada, Masaki Ohuchi, Junichi Motohisa and Eiichi Sano

Abstract— We evaluated the use of a true single phase clocking VDD
(TSPC) circuit as a high-frequency divider-by-3 circuit. This
divider consists of two TSPC D-flip-flops (D-FFs) with NOR | I |
gate logic circuitry. To achieve high-speed operations as well as QB =
downsize the circuit, the NOR functions are implemented into Q

the TSPC D-FF. We designed the divider using a 0.18m RF s
CMOS process; the circuit is 100x 200 zm?. Compared with

the existing design such as a source coupled logic circuit, a 80 D~| |~DB

reduction of circuit area was achieved. The power consumption

and operating frequency of the proposed divider was investigated.
In the measurements, we confirmed the frequency divided by
() clk~| |~

3 at less than 3.14 GHz clock with 2.34 mW. The circuit is
implemented in low-power high-frequency dividers for wireless
local area network applications. ‘I

o:clk

Index Terms—SCL, TSPC, High frequency divider, Divider- -
by-3 circuit, High speed operation.

. INTRODUCTION

HE field of broadband communications has been rapidly D—D QD QQ
expanding as the information society continues to grow. SCL SCL
Relatively large amounts of data can now be handled with ease, DB—DB QB——DB QB—QB
and the ex_change of image and music_ dqta is commonplace. drclk drclk drclk Grelk
In both wired and wireless communications, synchronous ) 1
technology is indispensable, and this technology is used on ﬁ ¢

various levels, such as the protocol and circuit levels. A  ¢:clk
divider generates a fraction of the reference frequency, and
is used for a clock generator, a frequency synthesizer, and
other operations [1], [2], [3].
: . - . —D D-FF Q|-
An ordinary high frequency divider in a CMOS process (Divider by 2)
consists of source coupled logic- (SCL-)[4] D-flipflops (D- = =

FFs). Since the SCL uses a differential operation, this circuit D - Q
can perform high-speed operations at low amplitudes (Fig. 1). d:clk  ¢:clk
The SCL circuit has two- cross coupled nMOSFETSs, load | |
pMOSFETS, differential-connection nMOSFETs and switch- (b) SCL D-FF

ing current sources.

When clk signalg is logical “1”, the SCL circuit works Fig.1. Source-coupled logic circuit.
as a differential amplifier. The differential input is amplified
and outputted. When clk signdl changes from “1” to “0”,
the SCL circuit holds data by cross coupled NMOSFETS. the divider-by-3 circuit needs two D-FFs and additional logic
this way, the SCL circuit performs a D-latch operation whicbircuits. Therefore, it has been difficult to produce a high
repeats “Data-thorough” and “Data hold” alternately. frequency divider with a small circuit composition.

However, for a divider-by-2 circuit, because a D-FF is To overcome this problem, we propose new circuitry for
required[5], [6], two SCL circuits which performs the D-latchhigh frequency division by 3 that has a TSPC architecture
operation are needed. Moreover, the circuit configuration gfat can be used for various applications.

M. lkebe, Y. Takada, M. Ohuchi, and J. Motihisa are with Hokkaido The remainder of _this paper is organize.d qs follows. In
University, Graduate School of Information Science and Technology, KitSection I, we describe the TSPC D-FF circuit and actual
ku, Kita 14, Nishi 9, Sapporo, Japan(e-mail: ikebe@ist.hokudai.ac.jp).  circuit design of divider by 3; in Section Ill, we present

E. Sano is with Hokkaido University, Research Center For Integrated . . . . . .
Quantum Electronics, Kita-ku, Kita 13, Nishi 8, Sapporo, Japan(e-maﬁ.‘ml"lat'on resu[ts Obta'”e‘?' using the propo_sed_cwcun, desc”?e
esano@rcige.hokudai.ac.jp). the layout design and discuss size of circuit area; and in
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Fig. 2. True-single-phase-clocking circuit.

Section 1V, we present measurement result.

II. TRUE SINGLE PHASE CLOCKING DIVIDER

A. Operation of TSPC logic circuit

A TSPC logic circuit alternately generatesData-fetching
state” and‘ Hold state’ operations by switching between
CMOS devices (in Fig. 2). Like a dynamic logic circuit that
alternately perfornis Pre-chargé and Evaluaté operations
in parasitic capacitance, the TSPC circuit operates a data fetch
by using the pre-charge and data hold performed by the high
impedance switching at the clock-signal timing[7], [8], [9],
[10], [11], [22].

Figure 3 shows the D-FF operation of a TSPC circuit. When
¢ = L, the first stage of the circuit runs as an inverter and
outputs next stat®atalt + 1] asthe input of the second stage.
Because the bottom nMOSFET of the second stage turns off,
the output of the second stage is always logical “1”. Therefore
the n- and p-MOSFET in the output part simultaneously turn
off, and Datal[t] is held in the parasitic capacitance of the
third stage output line.

When¢ — H, the state ofData[t + 1] is determined and
then the circuit outputs it. At that time, iData[t + 1] =
1 and the input changes tDatalt + 2] = 0, because the
middle pMOSFET of the first stage turns off, the output data
“Datalt + 1] = 0" doesn't change. If theDatalt + 1] = 0
and the input changes tdatalt + 2] = 1, the first stage
output changes fronDatalt + 1] = 1 to Date[t +2] = 0.
However, whenp — H, the parasitic capacitance of the second
stage output is discharged. In this case, although the second

stage input changes, the second stage output doesn'’t chaﬁﬁe.&

Therefore the third stage output also dogsrchange. In this
way, the TSPC circuit performs the D-FF operation.
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D-FF operation of TSPC circuit.
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Fig. 4. ExtendedTSPC circuit and dividing-by-2 operation. d=H,
input: D[t+1]=H => D[t+2]=L
VDD

B. Extended TSPC logic circuit

The TSPC DFF is useful divide-by-2 unit in the high- D[t+2]—|
speed frequency divider design. However, to increase the
operating frequency, an extended-TSPC (E-TSPC) DFF was
proposed[13], [14], [15]. Figure 4 shows the circuitry of an
E-TSPC DFF and timing chart of dividing-by-2 operation,
respectively. The E-TSPC logic circuit also alternately gen- ¢_|
erates Data-fetching staté and‘ Hold state’ operations
by switching MOSFETSs. It operates a data fetch by using the
pre-charge and data hold performed by the high impedance
switching at the clock-signal timing, too. Value of this node doesn't change.

Performing the D-FF function by the E-TSPC circuit, the 4_y,
output of the third stage is inverted. The D-FF operation iS input: D[t+1]=L => D[t+2]= H
shown in Fig. 5. Whenp = L, the nMOSFETSs in the first-  ypp
and the second stages simultaneously turn off. If Erga|t]
= “1", the pMOSFET of the first stage also turns off, the pjt2]
both MOSFETs of the first stage make the high-impedance
condition at the output node, anBatalt] is held in the
parasitic capacitance of the first stage-output line. Therefore
the pMOSFET of the second stage turns on and the output
node is precharged, and the output of the third stage doesn'’t ¢—|
change. At that time, if the input changesRaita[t + 1] = 0,
because the pMOSFET of the second stage turns off and the
second stage output is already precharged, the second- and
the third stage output dataData[t] = 0 and Datalt] =1
doesn’t change.

If the Datalt] = “0”, the pMOSFET of the first stage turns , o
on, the first stage output is precharged. The both MOSFETE 5 D-FF operation of E-TSPC circuit
of the second stage make the high-impedance condition at
the output node, andatalt] is also held in the parasitic

Issue 3, Volume 2, 2008 221

¢

D[t+2]

¢

Value of this node doesn't change.



INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING

T— QI[t]=0 | Q2[t]=0
LD Q1 |4 2AND | [ 0
QI[t+1]=1 | Q2[t+1]=0
TSPC TSPC
Qib Q2B Ql[t+2]=1| Q2[t+2]=1
o:clk delk
drclk | | QI[t+3]=0 | Q2[t+3]=0
[ !
D QIB|2NOR D Q
TSPC TSPC yopl—
¢:clk dclk
d:clk l |

(a) TSPC-dividetby-3 circuitry

FEEE

(b) Actual TSPC-dvider-by-3 circuit

VDD

VDD

Output buffer

Fig. 6. TSPC-divider-by-3 circuit.

capacitance of the second stage-output line. Therefore theta[t + 2] = 0, because the nMOSFET of the third stage

output of the third stage also doesn’t change. At that time,tifrns off, the output dataData[t 4+ 1] = 0” doesn’t change.

the input changes t®ata[t + 1] = 1, because the pMOSFETIf the Datalt + 1] = 0 and the input changes tDatalt +

of the first stage turns off and the first stage output & = 1, the third stage output changes frabutalt + 1] = 1

already precharged, the second- and the third stage output dat®ate[t + 2] = 0. However, wheny — H, the parasitic

“Data[t] = 1 and Datalt] = 0 " doesn’t change. capacitance of the final stage output is discharged. In this case,
When¢ — H, the first stage of the circuit runs as a quaslthough the third stage input changes, the final stage output

PMOSFET-logic inverter and outputs current st&teta[t + 1] doesn’t change. In this way, the E-TSPC circuit performs the

as the input of the second stage. The second stage of IMEF operation.

circuit also runs as a quasi pMOSFET-logic one. Because theThe propagation delay of the E-TSPC unit is smaller than

PMOSFET of the third stage turns off, output of the third staghat of the TSPC unit because of the reduction of load

is evaluated by the second stage output. capacitance. However, according to the timing chart of the E-
At that time, if Datat + 1] = 1 and the input changes toTSPC circuit (in Fig. 4), all stage of the circuit runs as quasi
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pMOSFET-and nMOSFET logic inverters, respectively. 437 6 mA

When the circuit performs the D-FF function, because of u
the above inverter operations, there is a period during which S mA
a direct path from supply voltage to ground is established. 41
The crossed areas in Fig. 4 mark the transition during which 4 mA
the short circuit takes place. The short current of the E-TSPE 4
circuit is larger than the driving current of the TSPC oneZ 30 2.5 mA
Therefore it has been reported that the TSPC circuit had @j ’ /
advantage in the total power dissipation[16], [17], [18], [19].2 3 g
/ 1.5 mA: current
3.7

23

C. TSPC divider-by-3 circuit

The proposed divider-by-3 circuit consists of sequential 3.6 1 ) 3 4 5 p
circuits based on the TSPC D-FFs and 2-AND gate logic.
Figure 6 shows the proposed circuit and its truth table. Scale factor
Opzrw;ioag:ugty iﬂs\(ggicf’rsv?]t;ngﬁl ggll\@?inl t;{} duQSIQrE fg'Cgirgbz_sed%?\%egrgfrequency vs. MOSFET size for current dissipation of
0, Q2[t + 1] becomes “1". In other condition))2 becomes
“0". The sequence of the truth table is performed repeatedly 4.8 35 mAﬁ
at each clock cycle. Therefore the circuit as shown in Fig. 3
performs frequency dividing by 3. 4.6 }gmA
However this circuit is not suitable for high frequency /
uses. In the circuit configuration, the cascade connectigh *4
between the D-FF and the AND gate degrades the frequerigy /{2.5 mA
characteristic by adding additional delay to the circuitry[20]2 4.2
[21]. Therefore the technique of improving the high frequenc§ /.2/.2mA

characteristic is required. Here, using De Morgan's law, th§ 4
binary logic of the connection can be transformed as follof 2.0 mA

equation. 38 ./

1.5 mA; current ‘ ‘

Q1-Q2=Q1-Q2=0Q1+Q2 1) 36,5 | 1.9 21 23

Supply voltage

The NOR logic can be obtained from the AND one, and
input of th_e logic function changed fl’oﬂ].ﬁ[tf 1] to D[t +1]. Fig. 8. Operatingfrequency vs. supply voltage for current dissipation of
Thus, we implemented the NOR function into the TSPC Dproposed divider.

FF without using the optional AND gate circuit and reduced
additional delay to the whole circuitry.

Because of the high-impedance condition, the third sta e scale factor *5" it was saturated. The main reason for
output of the TSPC circuit cannot be used for a differenti I'Sd saturat'|on IS éhe Iogld capﬁcnance of thg C'rCL:]'t' ';he
output. The differential output is achieved by using an ad pa capacnanc'e' epends on the MOSFET size. T eretore,
tional inverter. The inverter also optimizes duty of the outp lthough the driving power Increases, the propagatlon delay
signal. also becomes large and the operating frequen_cy is saturated.
Figure 8 shows the supply voltage depending on the op-
erating frequency. In this simulation, the load capacitance
lll. CIRCUIT DESIGN AND ITS SIMULATION doesn’t change. Therefore the operation frequency increased
We designed the divider by using a 0.18-um mixed sigs the supply voltage increased. The 4.8 GHz operation can
nal/RF CMOS process with one poly and six metal layers. e achieved at the supply voltage 2.3 V.
this design, the output-impedance matching was not set to 50rhe result of transition simulation is shown in Fig. 9. We
Q terminated, because we assume that the next stage circu@tdafirmed that the circuit could convert the frequency from
a conventional logic circuit that has a high input impedanc8. GHz into 1 GHz. Based on the measurement setup, we
The ratio of the size of the p- and n-MOSFET was set to 3dlso include the result for 5@ terminated configuration.
due to the mobility of the MOSFETS, but the actual sizes wesdthough the output amplitude was small, we were able to
determined by the operating frequency. By the MOSFETS sizenfirm division operations up to 3.6 GHz using our design
of the additional output inverter, we control the signal duty.by conducting circuit simulations under typical conditions.
Figure 7 shows the size depending on the operating fre-Figure 10 and 11 shows the layout of the circuit and the
guency. The power dissipation for a 3-GHz operation was 2SCL-divider-by-2 circuit. The SCL divider was designed for
mW under typical conditions. The 4 GHz operation can b& GHz operation. Both of circuit sizes were almost the same.
achieved over the scale factor “2”. The operating frequen®hen compared to a standard SCL configuration, because
also increased as the MOSFET size became large, but otler SCL-divider-by-2 circuit included one D-FF circuit, we
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Fig. 9. Transition simulation results.

decreased the circuit area by 5@i&ing the SCL D-FF basis.
Our circuit was 100x 120 um?. Figure 12 shows the chip

) S Fig. 11. Layoutof SCL divider by 2.
micrograph of our circuit. 9 ayouto widersy

simulation one. However, during the measurement, when an
IV. MESUREMENT RESULT input signal of more than 3.14 GHz was given to the circuit,

Figure 13 shows the measurement setup. One of the f(jito\{vork_ed asa divider py 4. The_main reason for this ungsual
ricated chips was placed on a probe station. The transitigﬂeiratlon is the parasitic capam_tance of the feedback line. If
characteristic and the frequency characteristic were measure gnal delay occurs, the updating of the next stage also falls
with an oscilloscope and a spectrum analyzer. The sig 5 ind.
generator port was connected to the divider input. The bias
voltageV DD /2 was given to the divider thorough a Bias-T. V. APPLICATION EXAMPLES

In this measurement, an input signal with 7 dBm was ap- The following are a few applications of the high-frequency
plied to the divider through a cable with 50 ¢haracteristic- divider by 3 circuits. A prescaler of a phase locked loop
impedance configuration. The measured results are showr(PhL)[22] is stated as the first application. For the pro-
Fig. 14, 15, 16 and 17. We confirmed the operation of dividingrammable prescaler, a switching controller between the divid-
by 3 at less than 3.14 GHz with 2.34 mW. Moreover, wheing by 2 and 3 is required. In our method, implementing logic
supply voltage VDD = 2.3 V was given, operation frequencfunction, it is easy to achieve the above circuit configuration
increased up to 4 GHz with 4.78 mWw. (in Fig. 18).

Since the measurement setup was a 50efmination, the  Next, a frequency synthesizer for MB-OFDM UWB system
output amplitude was small. This result was same as thatinstated as the application of our circuit[23]. Band group
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Fig. 14. Measurementesults of proposed circuit.
Signal 50 Q
generator
Bias T ] Voltage supply
(VDD/2)

42 71
50 Q
Probe station 4

DOT 2.08 mA
3.8
1.86 mA
50Q Voltage supply 36
VDD :
DC cut ( ) 1.68 mA
500 34
1.58 mA
. Spectrum 3.2 ‘/
Oscilloscope 1.29 mA: current
analyzer
3 | | |
1.7 1.9 2.1 23

Fig. 13. Measuremensetup. Supply voltage (V)

allocation for MB-OFDM band plan from 3.1 GHz to 10.6GHz#ig. 15. Maximum Operating frequency vs. supply voltage for current

is shown in Fig. 19. In MB-OFDM system, 14 frequencie§'ssipation.

synthesis by a few oscillators is required. Therefore the

frequency dividing operation is very important. The bandwidth

of each band of MB-OFDM system is 528 MHz. The OFDMrequencies 3.168 GHz and 1.584 GHz are synthesized from

modulation consists of 128 sub channels with 4.125 MHz. Fiie frequency 6.336 GHz. Obtained two frequencies are mixed

reduction of propagation degradation by multi-path problerwjth 10.296 GHz for generating the center frequencies of the

fast frequency hopping is performed in a band group (ekand group 7.128 GHz and 8.172 GHz through LPF. Upper

band“l” — band“2” — band“3” — band“1”). With LS| side band of obtained frequency from 10.296 GHz and 6.336

process development, the MB-OFDM system has shifted @Hz is more than 10 GHz. Therefore demand for the LPF is

composition applicable also to the band group 1 of mandatorjoderated.

and other band groups of high frequency. Here, considering synthesis of subband in each band group,
Covering all frequencies of the MB-OFDM, we considebecause the subband frequency 0.528 GHz is required, this fre-

that synthesis of center frequency in band groups fromaaency is obtained from the temporal frequency 3.168 GHz by

10.296 GHz oscillator[24] and a 6.336 GHz one. Accordindividing-by-6 function. At that time, the dividing-by-3 circuit

to the group 1: 3.960 GHz, it can be obtained by differences important for above operation. Using the frequency 0.528

frequency mixing the base frequency 10.296 GHz and ti&Hz, all subband can be synthesized from center frequencies

temporal frequency 6,336GHz through LPF. About the group each band group. In this way, the multi-frequencies of

3 and 4, by the dividing by 2 and 4, the other tempor&fiIB-OFDM system are obtained by mixers, oscillators, and
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Fig. 17. Pawer spectrum of 4 GHz conversion.

[16]
dividers. [17]

VI. CONCLUSION [18]

We designed a high-frequency-TSPC divider-by-3 circuit.
This divider, which has two TSPC D-FFs, converted a 3-GHgg,
reference signal into a 1 GHz one with only a 2.7 mW. The
circuit was 100x 120 um? and was constructed using a
0.181:m mixed signal/RF CMOS process. We fabricated ar%o]
measured the designed divider. A 3-GHz operation of dividing
by 3 with 2.34 mW was confirmed by measurement. [21]
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