ISSN 0002-306X.U3B. HAH PA n T’MYA. Cep. TH. 2012. T. LXV, Ne 4.

UDC 621.382 RADIOELECTRONICS

V.SH. MELIKYAN, K.W. MOVSISYAN

MODELING AND DESIGN OF POWER SUPPLY NETWORK OF AN IC
HIGH SPEED 1I/0 INTERFACE

The parasitic inductances of a CMOS integrated circuit (IC) power supply network
produce supply rail noises. These noises introduce propagation delay variations and signal
jitters which reduce the signal timing budget. This becomes very critical in high speed
signaling. In order to compensate the effect of the IC supply system inductances and damp the
supply rail noises, an effective approach of the usage of on-die decoupling capacitances is
elaborated.

Keywords: integrated circuit, input output system, power supply network, on-die
decoupling capacitance.

The IC supply network configuration has direct impact on the operation of I/O
buffers and signal distortions. The supply voltage is provided to I/O buffers via
Power/Ground I/O cells and internal supply buses. The chip power supply network
must be designed in a way not to impact the signal integrity (SI). The main issue is
when an output buffer switches it tries to draw current quickly. The parasitic
inductances of the power network oppose to the current switching. If the power
network inductance is significant it will isolate the voltage source from the buffer
during high speed switching. Since the supply network cannot provide needed current,
the supply voltage that the buffer has will drop:
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The buffer supply voltage noises - drops and peaks - in many cases could be
significant, in some cases inadmissible for reliable signal transferring. To reduce the
switching noise, the chip I/O interface and the package must be designed and placed on the
PCB in a way to minimize the power supply network inductances.

The decoupling capacitance along with power supply network inductance makes up
an oscillatory circuit. If the operation frequency is close to the resonance frequency of the
supply network there could be large variations of the supply voltage. One of the problems
is to damp oscillations. This can be done either by selecting package and decoupling
circuit parameters [1] or by including additional circuits into the power supply network,
for example, in [2] it is proposed to insert an RLC damping circuit in parallel to the
decoupling capacitance.

The schematic diagram of the IC I/O interface is shown in Fig. 1. In order to
achieve required SI in high-speed I/O interface the supply I/O cells should be placed
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close to the output signal drivers. Depending on the operating frequency and SI
requirements the signal I/O to power supply I/O cell ratio can vary in large margin.
The examples of the interface with different values of this ratio (8:1; 4:1; 1:1) are
shown in Fig. 1. The supply voltage is applied from the on-board power supply
through IC package power/ground (VDD/VSS) pins. To manage the required total
supply current and SI issues, an I/O interface can have several VDD/VSS pin pairs
which are electrically connected in parallel. They are connected to IC substrate
VDD/VSS rails. These rails are connected to the VDD/VSS bonding pads of 1/O cells
via wire bonds. The supply current is provided to the signal I/O cells through the
VDD/VSS I/O cells and on die VDD/VSS power buses.
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Fig. 1. Signal and power/ground I/O cell arrangement: (a) signal to power cell ratio 8:1; (b)
signal to power cell ratio 4:1; (c) signal to power cell ratio 1:1

The VDD or VSS pin-to-substrate inductances are electrically connected in
parallel. The equivalent pin inductance is:

@

where Lypppin and Lysspin are IC VDD/VSS supply pin inductances, Nypp.pin andNyss.pin-
are the numbers of pins, Lvppps andLyssps are VDD/VSS pin group equivalent
inductances. The minimum number of needed P/G I/O cells is determined from the
required total current:

-'-;::r. s NpLL_pad-—min -'-;-.'-::d ’ 3)
where Iy is the IC 1/O system total current and Iyq is the current of one power or
ground I/O cell. The VDD or VSS substrate rail-to-VDD/VSS 1/O cell bonding pad
inductances can also be considered as connected in parallel:
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381

Lyppsze =



where Lypppad and Lysspaa are bonding wire inductances, Nypp.pad and Nyss.paa arethe
numbers of VDD/VSS 1/O cells, Lypppaa and Lysspaa are equivalent inductances of
VDD/VSS bonding wires from I/O to IC substrate VDD/VSS rails.

Increasing the number of VDD/VSS I/O cells and pins one can decrease the
power network equivalent inductance and hence, reduce the switching noise and
improve SI. But this is achieved by die area and package pin overhead. The I/O sub-
system area usage efficiency can be estimated by

Ag Ag

Iy
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where Ag is the area occupied by signal cells, Ap is the area occupied by VDD/VSS
cells, Ar is the total I/O system area. For the signal to power ratio of 8:1 the area usage
efficiency is 8/10, while for the signal to power ratio of 1:1 the area usage efficiency is
only 8/24.

Another efficient approach for noise decreasing is the usage of on-die decoupling
capacitances. The decoupling capacitances are charged up to supply voltage and
during buffer’s switching they discharge supplying needed buffer current. Obviously,
the inductance induced noise compensation is as efficient as the decoupling
capacitance is large. The large on-die capacitance can be implemented in large area.
The available area on the die is strictly limited. The simplified circuit diagram of an IC
I/O supply system is shown in Fig. 2. Lpcg is the PCB wire inductance from supply
voltage source electrodes to chip’s VDDsp/VSSsp supply pins.

The on-board decoupling capacitance Cpcp 1is connected between
VDDsp/VSSsp pins to compensate Lpcg. Lypp-pine Lvsspin are inductances from
VDDsp/VSSsp IC pins to the IC substrate supply rails and Lvpp.pad, Lvsspad are
inductances from the IC substrate to on-die VDD/VSS supply I/O cells (pads). The Cy4
is the total on-die decoupling capacitance basically placed inside the I/O supply cells.
This capacitance should compensate the pin and pad inductances. The inductances
Lybbpas, Lvppsas and Lysspas, Lvsssn can be replaced by following equivalent inductances
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Fig. 2. Smplified circuit diagramof an I1C 1/O system
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The amount of decoupling capacitance should be enough to compensate the
supply network inductances. To estimate the needed decoupling capacitance we will
assume that the total amount of the current during switching is supplied only by the
decoupling capacitance. The decoupling capacitance supplies the load during the
buffer switching in a way that the voltage decrease is less than maximum allowed
value. The voltage drop can be estimated from charge sharing between decoupling
capacitance and the load capacitance. When PMOS buffer conducts, the load
capacitance charges from 0 to voltage value V:

, (M

where V is the initial nominal voltage across decoupling capacitance Cyq. V=Vpp-Vss=
=V4(t=0), C;=2C is the equivalent load capacitance. In the worst case when all
buffers are switched simultaneously, it is the sum of load capacitances of all buffers:
C=2Cy=NC,.

The supply voltage drop is restricted by the resulting maximum delay variation
which decreases the usable duration (timing budget) of the signal’s period in the
receiver side

, ®)

where t,,,, is the delay at minimum supply voltage, t,on is the delay at nominal supply voltage.

The formulas allowing estimating the output signal delay variation as function from the
supply voltage variation are obtained in [3].

Taking into account the supply network equivalent inductances discussed above, the more
realistic simplified circuit diagram can be created, as shown in Fig. 3. This circuit will show up
supply voltage oscillations if the signal switching main frequency or its higher harmonics are
close to power network resonance frequency.

The magnitude of the voltage oscillations can roughly be estimated as

AV = 1,2(w) ©)

where I is the switching current, Z (®) is the impedance of the power supply network, o is the
cycle frequency. Since the switching current depends only on the I/O signal loading, a way to
get small voltage variations is to keep Z (®) as small as possible.

The impedance of the supply network is given by the following formula:

7] = Rps B(([1- Ryd/R;s )2+ 0'2 (Lys/R;s +R,d €,d )'2)/((1- Ko'2 LisC,d)] 2+ @2 C,d"2 (Ryd 4+ Ris )2 )

(10)
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Fig. 3. IC 1/O system supply network equivalent circuit

For the simplified case with very large L, Rs=Rs~=0, and ®o,<® one can get
Z=1/wCq, and the voltage variations can be estimated by (7). It is seen that increasing
R; and/or Ry will decrease the voltage oscillations. However, increasing Ry will
increase the DC voltage drop on the power network and the IC will be supplied under
reduced supply voltage Vpp=Vs-IRs, and delays will increase. The increase of the Ry
will also contribute to damping of power rail voltage oscillations. The power network
impedance-frequency characteristics for three cases of Ry are shown in Fig. 4a.
Increasing Ry can also have a negative impact — will increase the voltage drop on the
R¢-Cyq series circuit and increase oscillations.

It is obvious that it is preferable to have the resonance frequency below operating
frequency range. However, in most cases it will be very costly since a low resonance
frequency requires a large decoupling capacitance. A large inductance will reduce the
resonance frequency, but will not help to reduce voltage variations and a large decoupling
capacitance will be needed to compensate the inductance. In Fig. 4b is shown the supply
network peak impedance, Z,x, dependence on the network characteristic impedance,
p=(LS/Cd)0‘5, for a constant resonance frequency, @r=(LSCd)'O'5=1 (R=0.1 Ohm,
C4=0.0260hm). For small voltage variations it is necessary to have small Z.x, and
hence small p. For small values of p it is necessary to have small inductance and large
capacitance.

2,0hm
T OhmM

05 1 15 1 POhm

@ (b)

Fig. 4. (a) The power network impedance-frequency characteristics: R=0.1 Ohm, L&=0.5 nH,
Cq=2 nF; (b) the power network peak impedance, Z.x, dependence on the network
characteristic impedance, p
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If the network is well damped, then having the resonance frequency in the
operating frequency region could not be an issue. Considering the power supply
network as second order network shown in Fig. 3 the supply rail voltage variations can
be represented as [1]:

(11

AV is given by (8), ¢ is the damping factor. For low magnitude oscillations it is
beneficial to have large damping factor. As mentioned above the R and Ry values
cannot be increased significantly. The main means remains as reducing p by
increasing the decoupling capacitance, Cq4, and controlling Ry. The reasonable value of
the damping factor could be in the range 0.1 <¢< 0.4.

The decoupling capacitance on the chip is realized with the gate capacitance of
MOS transistors (Fig. 5). The MOS capacitance has drain, source and bulk connected
together and is tied to the ground which serves as one of electrodes of the capacitance.
The gate of the MOS device serves as the second electrode. The MOS capacitance has
also a parasitic resistance R due to nonzero channel resistance of the MOS device.

In [4] the NMOS capacitance is considered as distributed RC line and derived the
input impedance as follows.

Zydizt (S 1/ (sCych Y+ Rych/12 (12)
VDD
1 q] .
NMOS @ PMOS
_l_ _|_ C
VSS

(a) (b)

Fig. 5. MOStransistor used as a capacitor: (a) usagein a circuit; (b) equivalent circuit

Comparing with the impedance of a lumped resistor in series with a capacitor
(Fig. 6b) one can find:

Zylumped (S 1/sC + R | (13)

It can be seen that

12 . (14)

385



The decoupling capacitors consist of parallel connection of many cells. The capacitance
of a cell is determined as

C:;ff = fr:,,-'.-:-:l,',' = fi—' (15)

>

where A is the cell gate area, A.;=WL, c,y is the gate oxide capacitance [5], cox=€€¢/Tox, € 18
the gate oxide dialectical permeability, g, is the electrical constant, T,, is the gate oxide
thickness.The required decoupling capacitance is composed by parallel connection of N cells:
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¢ = Nt = Neg, WL (16)
Respectively, the decoupling capacitance area is determined as:
Ag = NApar; 17)

The effective area occupied by the decoupling capacitance is larger than given by (17)
since there is an area overhead due to the spacing between cells according to design rules.

To estimate the series resistance of a decoupling capacitor cell, we have to determine the
channel resistance R, of the cell. In the capacitor configuration of the MOS there is a
symmetrical conducting channel between the source and drain with V4=0. The simplified
current-voltage characteristic of MOS device in the linear mode (not saturated mode) is
represented in [5]

(1) kolifs — V2 — Vs Vs

2 . (18)

The resistance of the channel can be derived as

o1 = .
Ry = @lgs | _ W _ (;] 3
e éi};s) a0 k(i — V) WWTE

, (19)

where Ry is the process resistance; depends only on the process and supply voltage (Vg=Vpp
in this configuration (Fig. 5a)):

Ky Wop — Vet (20)
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a

For a required decoupling capacitance the equivalent series resistance is
determined as:

(2]

It is seen that with a given area (WL) the resistance depends on the MOS device aspect
ratio (W/L). So, the aspect ratio can be determined from required equivalent series resistance,
Rg.

Taking into account N=Cy/C.¢;=C4/(cox WL), from (21) is derived:

7 (22)



(23)

As a design example, let’s consider an IC I/O system that includes a 16-bit interface
with a signal-to-power ratio of 1:1 (similar to the one shown in Fig. 1c); Ny=16,
Npe=16. From the IC packaging it is given Nypp.pin=NvDD-pad=Nvss-pin=Nvss-pad=Npg; the
pin inductance and resistance, L,i,=3 nNH, R,x=0.6 Ohm; the bonding wire inductance
and resistance, Ly,=1 NH, R,,¢=0.2 Ohm. The equivalent inductance and resistance of
the IC I/O system VDD/VSS rails, Lypp=Lyss=(LpintLpad)/Npe=(3+1)/16 =0.25 nH,
Rypp= Ryss = =(RpintRpad)/Npe=(0.6+0.2)/16 =0.05 Ohm. The equivalent inductance
and resistance of the I/O power network, Ls=Lypp+Lyss=0.5 NH, Rs=RypptRyss=0.1
Ohm. The 1/O operation frequency is in the range of 100 MHz to 800 MHz, the supply
voltage is V=1.8 V, the driver’s signal output pad capacitive loading, C=5 pF. The
main SI objectives are to keep supply rail voltage and driver delay variations within
10%.

The rough estimate of the needed decoupling capacitance is determined from (7)
and (11):

AV =V CL/(CL+ Cd) (1 +exp(-nl/ (1-T"2)) (24)

Restricting the voltage variation, AV at 10% level from the supply voltage of 1.8

V and taking into account that C;=NC=16-5=80 pF, and assuming the damping
factor (=0.1, we get

a0

1.8 (1 e[ -0—=_||<0.18
T |1+ exp| - ml |<0.
and Cs>1520 pF. We will take C4=2000 pF. The buffer’s delay variations and the
VDD supply rail’s voltage variations as functions from Cy obtained by Spice
simulations are shown in Fig. 6a.
The voltage and delay variations depend basically on the decoupling capacitance.
The damping factor, and hence voltage variations, also depend on the Ry. The
optimum value of R4 can be determined by simulations. The VDD supply rail voltage
variations as function from R4y when Cd=2 nF are shown in Fig. 6b. The minimum
variations correspond to Ry=0.052 Ohm. To design a MOS decoupling capacitance
with C4=2 nF and R4=0.052 Ohm the following technology and layout parameters are
used: Aca=10 ¥, o =6 fF/um?, k,=2.132-10° AIV?, Vi=0.566 V, Vpp=1.8 V.
The goal of the design is to determine L, W and N. Using formulas (20) and (23)
the following calculations are performed: Rpoc= (2.132-107%(1.8-0.566))" =3.78 kOhm,
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L= (12:0.0522:10°/ (6:10"°:3.78-10°))"° =7 um; W=A./L=10/7=1.5 um;
Ceat=AceCox==10-6= 60 fF; N=Cy/Cceii=33000; A=NA=0.33 mnt.

The calculated values of W and L must be consistent with technology design
rules.

The characteristic impedance of the supply network, p= VLy/C4=0.5 Ohm. The
corresponding damping factor is ¢=(Rs+R4)/2p=0.152. As it can be seen the power
network resonance frequency Fr=(2n\/Lst y'=159.2 MHz is within the I/O operation
frequency range.

The output buffer’s input, output signals and supply rail voltage waveforms when
all 16 output drivers are switched simultaneously are shown in Fig.7. The dependence
of the supply rail voltage oscillation’s magnitude on the operating frequency when
F~=159.2 MHz, VDD=1.8 V is shown in Fig. 8a. It can be seen that though the network
resonance frequency is located within the operating frequency range, the voltage
oscillation magnitude is within 10% margin (AV,,=0.1776 V). The output buffer
delay dependence on the operating frequency is shown in Fig. 8b; the delay variations
are less than 6% (7 ps).
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Fig. 6. (a) the buffer delay (tg) and supply rail voltage (4V) variations from Cy, (b) the supply
rail voltage variations from Ry
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Wavelorms: VDD =18V, F=150.2MHz, Ls=05nH, Rs-0.1Chm, Cd-2nF, Rd=0.0260hm
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Fig. 7. Theoutput buffer’sinput, output signals and supply rail voltage waveforms
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Fig. 8. The supply rail voltage (a) and the driver delay (b) variations from operating frequency

Summary. The output driver delay variations impact the data transfer system timing
budget. The delay variations are a result of supply voltage variations due to the driver
switching current. These variations can be reduced by using an on-die decoupling
capacitances and by using multiple power/ground 10 cells and package pins to reduce
package inductances. It is shown also that the voltage and delay variations depend on
the supply network damping factor which can be controlled by adjusting the network
characteristic impedance and the MOS capacitor aspect ratio. The performed
simulations confirm the basic concepts of this work.
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9.C. UBLPL3UL, W.9. UNYUPUSUL

bPU-BrP UNUQUSNI0 UNRSL-BLL PLSEMPE3UE ULUUL 8ULSP
UNeLUdNrNkhU o4 LUvUGoNrT

YUOU hunbkqpuy upubdwubph (PU) uidwb guugh dwlwupnys hunnijunpynipmnibtbpp
utdwt nnppnd unbndnud B wnunijubp: Fpubtp yunmdwn o punund wqpubpwith nw-
pwddwt hwywnuwb thnthunmpniuutph b 9hnbkph, npnip thnppuginid ki wqpuitpwh dw-
dwbwljuyghtt pymgkt: Uw nuntinud £ Yphunhlwuljwh punhp hwnljuubu pupdpup wgnipnia-
ulipny wqnupwibph hnjpwigdwt hudwljupgpnud: Utdwb guigh hunnijunhdmipeniubph
wqnkgnipniutitiph thnpjuhwnnigdw b wndniyubph dupdw hwdwp dowlyt) £ FU-h piniptinh
Ypw nknunpjus juywuqtpénng nitbwlnipiniiubph ogunugnpéuwt wpynibwbn knubwl:

Unwigpuyhl punkp. hintkqpuy uubdw, dntnp-tip hwdwlupg, HEjunpuuingdwu gug,
PU-hypujuwuqbpénn nituynipini:

B.II. MEJIMKAH, K.B. MOBCHUCSH

MOJEJIMPOBAHUE U ITIPOEKTUPOBAHUE CETHU IIUTAHUSA
BBICOKOCKOPOCTHOI'O UHTEP®ECA BBOJIA/BBIBOJIA YIC

[Napasutaele uHaykTHBHOCTH cetd mmTaHusd KMOII wmnaTterpamsapix cxem (MC) cosmaror
noMexH B IIMHAaX mnutaHus. OHM CO3JAIOT JDKUTTEP U M3MEHSIOT 3a/IepXKKH PaclpocTp-
AQHCHUSICHTHAJIA, KOTOPBIE COKPAIIAIOT BPEMEHHOI OFO/KET CHrHaia. DTO CTAHOBUTCS KPUTHYECKON
npoGieMoli, OCOOGHHO B CHCTEMax C BBICOKOM CKOpOCTBIO TIepelaud JaHHbBIX. Pa3pabot-
aHd(PeKTUBHBIA CIIOCOO MPUMEHEHMS Pa3Bs3bIBAIOIIMX EMKOCTEH, pa3sMEIICHHBIX Ha KpPHCTaLIe
VC p1st KOMIICHCAIMY BIMSHUS HHAYKTUBHOCTEH CETH IMTAHUS U TIOJaBIICHUS TOMEX.

Knroueesvle cnosa: uHTETpalIbHAs CX€Ma, CUCTEMa BBO/A-BBIBOJIA, CETh MIEKTPONUTAHUS,
pasBs3biBatomas eMkocts Ha MC.
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