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Abstract— This paper demonstrates an on-ctipdt detec-

tor circuit. Thedi/dt detector circuit consists of a spiral in-
ductor under the power supply line which inducedi alt pro-
portional voltage, and an amplifier which amplifies and out- |
puts the value. The measurement results show thaditfu N pe—
detector output and the voltagefférence between a resistor | [ circuit ;
have good agreement. Thig/dt detector also measures the »C_l
de-coupling capacitorfiects for thedi/dt reduction. ?
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Fig. 1 Block diagram of theli/dt detector circuit.

Introduction
voltage and outputs to a B0transmission line that enables

As the process technology advances, the number of the,igh frequency measurement. The detailed circuit with the
transistors on a LSI chip has been increasing and their highoasurement setup is shown in Fig.2.

speed operations generate more power supply noise while the
low supply voltage reduces the noise margin. Thus, the power
supply noise becomes a serious issue for the reliability of i Mutual Inductor
LS| operations. The mutual inductor consists of a spiral inductor under the
Recently, adi/dt noise is becoming one of the dominantpower supply line. The power supply line is composed of the
source of the power supply noise along with an IR drop. Arop metal layer, ML3, with 1 turn, 20m width. The spiral
EMI noise also becomes a serious problem for high speed opé@teluctor has 10 turns withy@n width and Zm spacing using
ating LSIs. Therefore, a current measurement technique, espi-1. The outside diameter of the both inductors are it
cially a high frequencyli/dt measurement techniques, is nec14Qum. This structure is called small mutual inductor. Another
essary in order to estimate thg/dt noise. type of inductors, called large mutual inductor, has2aali-
Many technigques have been proposed to measure the poweteter, and 24 turns, as shown in Fig.4. The equivalent circuit
supply voltage bounce[l]. On the other hand, only few techis included in Fig.2.
niques have been developed for the power supply current mea-
surement. One technique uses a resistor connected in Se(’;fSAmpIifier
to a power supply line on a PCB board and measures the
voltage diference of the both terminals using electron-beam The amplifier schematic is also shown in Fig.2. The resis-
probing[2]. This technique needs numerical calculation to o80rs Ry are used to keep the DC bias voltage as half-vdd where
tain the current andi/dt waveforms. Another technique picks
up the magnetic field and measure the spectrum[3]. It is unable vdd_detector € amplifier
to reproduce the original current ndir/dt waveforms from the
spectrum because the phase information is lost.
We have proposed the basic concept of our on-dhjigt

small(TypeA,B,C)/large(D)

T mutualinductor_______
2

sibility of the di/dt detection. The focus on this paper is the |
experimental results of the on-chilp/dt detector circuit. 3

Circuit Design 52 (
50[Q)] i
A. BaSC Concq:)t iiuscnlo i
scope !
Figure 1 shows the block diagram of tlig/dt detector CtrIVoItage—i I
circuit[4]. A power supply current for the internal circuit goes P eSS veey | seudln .%i
through the power supply line inductanice A pickup induc- allihalf — / scope

tancel, coupled tol; with a coupling cofficientK induces a
di/dt proportional voltage. An amplifier amplifies the inducedrig. 2. Over-all circuit with the measurement setup.
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the amplifier has the biggest gain. The resistance is big enougignals come out through outputffers whose supply voltage
to be considered open for AC signal. The output is connectésivdd_io which is neglected in the figure for simplicity. The
to a transmission line whose characteristic impedance@ 50CLK/2 signal is used to check if the circuit works fine, the
The blocking capacito€, is inserted to keep the bias voltageCLK/32 is used as a trigger for the oscilloscope.
of noden2 as the same asl, where the amplifier realizes the
widest linearity.

Since the amplifier has complementary inputs, the com-
mon mode noise, such as the power supply bounce, is syp- Equations
pressed.

Analytical Model

The mutual inductanc is

D. Power Supply Line Sructures M = K \/E 1)

The power supply line has a resisty in series and the
both terminals are connected to output pins, which enables
current measurement by calculating the voltagiedénce.

Four types of circuits were designed, as shown in Fig.2. d|2 dI.

TypeA: no de-coupling capacitor with the small mutual induc- V=M a +Relo+ Lo gm » M (2

tor, TypeB: the de-coupling capacitGy between the detector

and the internal circuit with the small mutual inductor, TypeCsince the input impedance of the amplifier is high and the input

the de-coupling capacit@y between the resistor and the de-currentl; is small enough to neglect the second and the third

tector with the small mutual inductor, TypeD: no de-couplingerm of the equation compared with the first term.

capacitor with the large mutual inductor. Assuming that the gain of the amplifier @&, the output
voltage of thedi/dt detector circuit is

fAgsuming that the input current of the amplifietisthe output
voltage of the mutual inductdrs is

E. Internal Circuit

dII
Vi GV, = GK /L;L,—. 3
The internal circuit is shown in Fig.3. ThetrlVoltage ddt-our = 242 e ®)

changes the operating frequency. T2 divider and 116 di-

. - ! . Integrating the eqn(3) with respect to time,
vider generate th€LK/2 which is the input for the DFF chain,

andCLK/32 signal which is used as a trigger for the oscillo-
scope. Each DFF has an inverter chain whose switchings are li = GK m fvd'd‘ oudt + C. )
the source of theli/dt. The length of the inverter chains are
distributed from 2 to 12. Thall/hal f signal controls the acti- The relation between the internal curréngnd the voltage
vation ratio of the circuit. of sl,2is

Va = Ve = Ry(li + 1) (5)

CtriVoltage CLKI32 for trigger
1/2div 1/16di . .
! - - and this equation can be converted to
CLKI2
CLK/2
DFF DFF DFF DFF DFF DFF > R
Va0 B ©

L L usingls = V¢/R;, whereR; is the termination resistance @0

T % % % % % % g From eqn(4) and (6),
o o Vg — (l + &)Vsz = Afvdidt_outdt +C ©)
VY .

Y?Y?YV?Y??

—
o]
—
o]
=
o
—
o
o

oo
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@ a0 a0 a2 where R
Fig. 3. Internal circuit. A= WL—LZ 8)
F. Overview and Measurement Sstup Differentiate the eqn(6) by time, and with egn(3), (8),
As shown in Fig.2, the internal current goes out fred _i Vdidt out = 1diva -1+ RS/R‘)VSZ ©)

to the internal circuit through the package and bonding wire A dt

impedance&pacage, the series resistds, and the inductot ;.
The internal circuit switching causes tHg/dt which induces
the voltage at the spiral inducttp by the inductive coupling According to FastHenry[5]L; = 0.50nH, L, = 14.4nH,

K. The amplifier amplifies and outputs the voltagelitdt_out. K = 0.67 for the small mutual inductor, aridy = 0.86nH,

The both terminals of the series resisRy are connected to L, = 53.3nH,K = 0.60 for the large mutual inductor, at 1GHz.
the oscilloscope as th&l, s2 signals. Since the input voltage  According to HSPICE simulations, the gain of the ampli-
CtrlVoltage andall /hal f are DC signals, no need to care thefier G is 0.63, the cut-fi frequency is 3.8GHz if there is no
high-speed characteristics for them. T®eK/2 andCLK/32 load capacitance, and the output range to keep the linearity is

B. Parameters
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+0.4V. The delay of the longest inverter chain in the internal
circuit is 0.625ns

The series resistdRs is formed using gate-poly with sili-
cide, and the designed resistance value is abfutThe de-
coupling capacitoiCy is formed using poly-poly capacitor,
and the designed value is about 700pF. The bias re$ttior
formed using gate-poly without silicide and the designed value
is about 10K.

Using these values, the designed vaWeof egn(8) is
Agesign = 0.88 % 10° in the case of the small mutual inductor.

Voltage [V]

Voltage [V]

M easurement Results
A. Process Technology

The chip was designed and fabricated using O33-
Poly 3-ML standard CMOS technology. The chip size is
4.9mnmx4.9mm and the chip photograph is shown in Fig.4.
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Fig. 5. Measuredvaveforms of (a)CLK/2, (b) sl ands2, (c)

V4 — (1 + Rs/R) Ve signal together with the numerical-time-integral
of thedi/dt detector output multiplied by, based on egn(7), (d) the

di/dt detector output with the numerical-timefidirential of

Va — (1 + Rs/R;) Vg divided byA, based on eqn(9), of TypeA circuit.

Fig. 4. Chip photograph. The chip size is 4.9mm9mm.

B. Feasibility of the di/dt detector not consume current because of no switching at the point with

the arrows, the DC current going through the series resistor
is the same as the current going into the termination resistor
R; of 82, andly = Vo/R:. The series resistance valueRs=

Figure 5 shows the measured waveforms of GhK/2,
(b) s1 ands2, (c) Va — (1 + Rs/R)V« signal together with
the numerical-time-integral of thdi/dt detector output multi-
plied by A, based on eqn(7), (d) thdé/dt detector output with AV/lo = RAV/Vg = 50x(3.2225~ 3'1705)/3‘01 705=0820.
the numerical-time-dierential ofVe — (1 + Rs/R)Ve signal However, if we assume the voltag2 has 1% error, th&s
divided by A, based on eqn(9), of TypeA circuit. Since the'Vould be 1.38 and theAsit/Adesgn would be 1.02.
Va1 — (1 + Rs/R)Ve waveform is noisy, we applied a smooth- In fact, we cannot distinguish which parametdts,G, K,
ing before the numerical flerentiation. L or Lz,_have error fro_m the measurement results. In_general,
Here, the parametexwas fitted to match the magnitude Ofsubtractlon of the S|mllar number causes a cancellation error,
the waveforms, and the valueAs;; = 1.2x10°. The diference such as th&s calcqlatlon above,.a'\nd. they - (1+ ,RS/R‘)VSZ
from Agesign Will be discussed in the following subsection. waveform. The gain of the amplifi& is al§o possible to have
These graphs show that the currents measured by the sef@grror becguse of the process fluctuatlop. . .
resistor voltage dierence and theli/dt detector output have 1€ relative value and the shape of tigdt is validated
good agreement, and odi/dt detector circuit works well. for now. Further TEGs r_neasurement of the e_lmpllﬂer and the
mutual inductor, or precise parameter extractions enhance the
i reliability of thedi/dt detection.
C. The Magnitude
As we saw in the previous subsection, the magnitude hrt\f De-coupling Capacitor Effects
Arit/Adesign = 1.36 times diference between the designed and
the fitted values. Figure 6 shows the waveforms of (g, and (b) thedi/dt
The series resistance valBgcan be estimated frosl and  detector output, of TypeA, B, C circuits. The de-coupling ca-
s2 voltage as shown in Fig.5(b). Since the internal circuit dogsacitors of TypeB, C provide AC currents to the internal circuit
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37 (a) ' ' ' TypeA and TypeD circuits are almost the same. This is because
the same internal circuit and the same parasitics of the package

3.4
% Zpackage: While thel; difference makes the smallidirence on
g 3 the waveforms. The half activation case has the didliit of
S 28l :%’F‘ZZQ the internal circuit, thus the smaller voltage bounce. The volt-
-1 vV TypeC age bounce is not half because of the parasitic capacitance of
g-g : : = z : the internal circuit, the pads, the package and so on.

—TypeA As for thedi/dt detector output waveforms of the Fig.7(b),

_—_— ———~TypeB the waveform of TypeD circuit has almost the same shape
=~oRN B £ 5 Y B ) [ S with about 2.0 times magnitude compared with the wave-
%3’ 0.0 form of TypeA circuit. The magnitude fierence should be

> 0.1 Kp \/LlDLZD/KA \/LlALZA = 2.27 if theG and thedi/dt are

the same, according to the eqn(3). However, the biggef
02 - = - —s TypeD (Lia = 0.50nH, Lip = 0.86nH) makes smalledi/d,
resulting smalledi/dt output (2.0 times instead of 2.27 times).
On the half activation ratio case, the/dt detector output has
about half magnitude with the same shape.
These results also confirm te/dt detector performance.

Time [ns]

Fig. 6. Measuredvaveforms of (a1, and (b) thedi/dt detector
output, of TypeA, B, C circuits.

and fewdi/dt currents flow through the package parasitic in- Conclusion

ductances so that the power supply bounces are suppressed asrhe on-chipdi/dt detector circuit has been demonstrated.
shown in Fig.6(a). . o Our di/dt detector circuit consists of a spiral inductor under
The de-coupling capacitor on TypeB circuit suppresses thge power supply line which inducesdg/dt proportional volt-
AC current going through thei/dt detector so that théi/dt  age and an amplifier which amplifies and outputs the value.
detector output voltage is small, as shown in Fig.6(b). Thene measurement results show that dhit detector output
de-coupling capacitor on TypeC circuit provides bigger angng the voltage dierence between a resistor have good agree-
sharper AC current to thei/dt detector compared with the ment. Thedi/dt detector also detects the de-coupling capacitor
no de-coupling capacitor circuit of TypeA. This is becaus@gects for thedi/dt reduction. Since the on-chip and real-time

the higher impedancpackage Of the power supply line on Ty~ gj/dt measurement is possible, odiydt detector circuit can
peA, while the impedance from the internal circuit to the depe gpplicable for feedbadl/dt control as well.

coupling capacitor is smaller on TypeC circuit.
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