ISSN 0002-306X.M38. HAH PA n T’MYA. Cep. TH. 2012. T. LXV, Ne 3.

UDC 621.382.13 RADIOELECTRONICS

V.SH. MELIKYAN, S.V. GAVRILOYV, V.K. AHARONYAN, N.K. ASLANYAN,
A.S. HOVHANNISYAN

ON-DIE CMOS TERMINATION RESISTOR FOR USB TRANSMITTER

Nowadays moving termination resistor from outside onto die is very beneficial from view
of minimizing noises and saving cost. In this work new voltage-controlled CMOS active
resistor aimed at on-chip termination is proposed. With current—voltage and resistance-voltage
characteristics showing that this on-chip active termination resistor has good linearity across a
wide range, and being suitable for analog impedance control technique using a feedback loop it
is proven that it could be applied for USB transmitter. It is obtained that compared to other
MOS only on-chip active resistors the proposed new resistor ensures about 20% of better
linearity.

Keywords:universal serial bus, termination resistor, transmitter, on-die termination,
linearity.

Introduction. Unlike low speed systems, in Universal Serial Bus(USB) [1] and
other high-speed microelectronic applications, passive circuit elements (interconnect
wires, cables, etc) can significantly affect the output signal (representing data,
instructions, control information, etc) quality. The influences on signal integrity
caused by the signal reflections and induced crosstalk voltage in these passive
elements could be reduced by proper termination of transmission line [2]. Typically, a
termination device is implemented as a resistor that is coupled between a signal line
and a power supply node or ground and is co-located externally on the printed circuit
board (PCB) [3]. Although external resistor provides a well matched termination, this
approach has important disadvantages. The discrete external resistors consume
valuable area on the board they are located, besides they are unable to prevent
reflections resulting from the interconnect stub lines to which the buffer is connected.
If the parasitic bonding inductance is represented as L, ,, through which transmitter

passes the current, then AV =L, ., -di/dt voltage will be induced. The transmitted

bond
signal will be distorted and affected by the effect of bonding wire[4]. Instead of
having the off-chip resistive termination, the termination located inside the
semiconductor chips — On-Die Termination (ODT) helps to overcome these
challenges, because ODT resistors have better performance on frequency response,
also in case of off-chip resistors output signal has peaking on certain frequency caused
by bonding wire which is absent for ODT[5]. There are different ways to construct
resistors on a CMOS Integrated circuits(IC). Large variation in resistance (about 30%)
prevents the use of passive on-chip (such as poly-silicon) resistors[6].On-chip laser
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trimmed resistors are good but for trimming them it would be very time consuming
and costly[7]. Another approach is to combine specifics of MOS transistors and
polyresistor within one active resistor [8]. As mentioned the resistance of the voltage-
controlled element can vary on process and temperature variations. In order to balance
the obvious variations of processes and temperature, the digital control logic of
impedance is widely used[9]. One of the disadvantages for this method is the step-like
iterative adjustment. It can cause noise on the power buses if a large number of nodes
are simultaneouslyswitched. It could also affect on data sending and reception.
Another disadvantage is that the correctness of the digital on-chip resistor depends on
the number of legs(resistors) used.

Forming on-chip resistors with only MOS transistors and analog techniques for
their control is more beneficial because usage of only MOS components makes the
design and implementation easier and cheaper, while the analog control technique
helps to adjust impedance autonomously without causing extra noises on the busses.
In [10,11] floating-gate CMOS resistors are proposed, but the usage of floating gate
transistors and the fact that provided resistance could be very high(achieving several
hundred £Qs) even in low voltage modes, make them not suitable for basic USB
CMOS transmitter. In [12] an active resistor based on all pMOS structures is given,
but in case of low voltages until about 0.6V it does not show good linearity[8] for USB
target 45Q termination impedance. Another disadvantage of this proposal is the
absence of resistance adaptive control during circuit work time.

In this paper a new approach to form controllable termination resistors using
MOS transistors located on the die aimed at USB and other high-speed systems as
well is proposed. The novel schemes of both termination resistors and its analog
control are presented. The resistor is made of MOS transistors with different input
voltages. The termination resistor control scheme is based on usage of negative loop to
adaptively control the transmitter impendence that is strong advantage compared to
ways when the adjustment is performed iteratively step by step causing extra noises on
supply and ground buses.

Proposed on-die resistor scheme.There are various ways of USB transmitter
design. In [13] one separate single-endedtransmitter for each data line is proposed.
Another approach is to use a transmitter based on differential pair with two outputs.
But according to [1] 45Q termination resistor should be placed at the end of each
transmission line to ensure proper termination and prevent ringing.

The proposed new scheme of the ODT resistor is shown in Fig. 1. The impedance
is made of n-type MOS transistors controlled by separate gate voltages.
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Fig. 1.ProposedMOS only active resistor

By changing the values of these input voltages correctly the necessary impedance
value can be achieved.In case of V= 0, My is closed. Thus, the overall current is
formed by ones passing through M; and M,. Because gate and drain of M, are
shortened, Vg, =V, andif V, (V,s)2V,, then it will operate in saturation region

[6,14]. Otherwise if Vo, (V)< Vy, I, =155, =0.But when Vo <V .o, =V, , M
1
operate in linear region[6,14]. Note, ifV o, >>V,, , so (VG52 Vo, )VDS >> EV,§S

approximation can be taken into account for linear region. And finally, for V,, <V, ,

the total current will be obtained as follows:

w.
I=1,+1, =pn,C, L_z[(VGsz _VThr)VDS]‘ (M
2
Hence the entire current is a linear function of V,,. When
Vi <Vps <Viss =V, I, and I, are determined by equations characterizing
saturation and linear regions of transistor correspondingly. And selecting the proper

ratio of M; and M,, the VéS member can be omitted for total / . So it can be assumed

as a linear function from ¥ too.

In case of V, 2V, —V;, My is in deep saturation with some approximation
I, = constant . From simulation results it is assumed that with V', rise, /, increases

almost linearly. So the sum of these two currents behaves linearly depending on V} as

well.

Termination resistor control scheme.The on-chip transmitter termination scheme
is shown in Fig. 2. It uses a negative feedback loop of the two-stage differential amplifier
to adaptively control the transmitter impedance R;, R, through an identical MOS-only
reference resistor Ryer.
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Using I, fixed current the value of the resistance can be determined by the
voltage drop on R This voltage drop is compared with V. With the help of the
comparator using negative feedback loop, the output impedance of the transmitter will
be changedto the value given in (2):

I/ref
R=R =R, =R, = T @
ref

The varying range of the ODT resistance can be expressed as a function of
operational amplifier gain 4:

1—l R 1+i

f< < f. 3)
14 Ry g2

A A

This result shows that the percentage error (R — Rref)/ R . is proportional to 1/A.

ref
Therefore, a high open-loop gain is required in order to better match the reference
resistor. For example, when A = 200, from (3) yields that targeted resistance will be
within 1% or reference impedance. In Fig. 2 LP is a low pass filter for avoiding
oscillations in the feedback loop.The basic RC structure can be chosen for that
purpose. In the compensation, open-loop small-signal gain is approximated as:

vO gmlrl ngrZ gm3r3 1 (4)

Vi ) (I+s(r [| RIC)) A+s51,C,) (A +51C5) [T+ s(R, +1)(1+ g,,,7,)Cc ]

i

where 11(gm1) and 7(g.2) are small-signal (transconductance) for the differential input
stage and the second stage of the operational amplifier, respectively, r3(gms) is the
smallsignal equivalent transconductance of output stage, and 7,||Rc = 7 Rc/(r1+Rc).

To evaluate the correct work of proposed resistor in low and full speed modes of
USB, the transmitter circuit proposed in [13] was used. Two single ended transmitters
were connected to each data line. The common structure of the used transmitter is
shown in the Fig. 3.
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Results.To get characteristics of the proposed on-die resistor, Synopsys HSPICE
tool[15] and SAED 90nm library[16] were used. Here the behavior of resistor and
simulation results in case of voltage parameters’ and transistor sizeschanges are
discussed.

It was shown above that if the proper aspect ratio of M, and M, are selected, the
total current of MOS-only resistor is approximately a linear function from V, at whole
change interval. The got I-V characteristic for the resistor circuit with current
components passing through each transistor is shown in Fig.4.

total

1.0 2.0
0 V() 30

Fig. 4.The I-V curves of presented resistor, separate M; and M, transistors

Impedance of the resistor can be modified withV; change. If change V, as a
parameter within the range 0 to 3V, the group of /I-V curves will be get. When V; is
smaller than threshold voltage [;~0. With V; rise (1...3V), M, becomes open and the
current passing through it will increase. Hence, the total current flowing through
resistor would also increase as is in Fig.4. So the MOS-only resistor can be controlled
by V, parameter change.The dependence of resistor impendence from V; voltage
change when V, and V, are fixed is given in Fig.5. M, becomes more open with V;
rise, so total current increases causingthe resistance drop. On the other hand, the
impedance of the proposed ODT resistor can be controlled by the aspect ratio of M.
The dependence law is pretty similar to one described in Fig.5.
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Fig. 5.The impedance of MOS-only resistor as a function of V;

Increasing W/L parameter of MO transistor, the impedance of resistor goes low.
So the impedance of MOS-only resistor can easily be adjusted by means of changing
the value of the aspect ratio of M0 as well as value of V1.

Transmitter’s output resistive impedance characteristics for low and full speed
modes obtained by simulation using the proposed ODT resistor for outputs logical ‘0’
and ‘1’ are shown in Fig.6.
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Fig. 6.Transmitter’s output impedance for logic ‘0’ and ‘1’

In Table the simulation measurements performed for three process and
temperature variation cases (typical, fast, and slow as represented by TT, FF, and SS)
are presented. Numbers and results in Fig. 6 show that deviation from nominal value
of resistance is 5-7% that is within USB specification requirements [1].

Table

Resistance values for process and temperature variation cases

30 Mean 30 Deviation from 45Q
TT 42.75Q |45.24Q 47.73Q -5.0/6.1%
FF 4291Q |45.52Q 48.13Q -4.6/6.9 %
SS 43.1Q 45.73Q 48.36Q -42/74%
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Compared to the CMOS active resistor described in [12], received I-V
characteristics and simulation results for different corner cases of proposed ODT
resistor has better linearity in case of lower voltages and is able to be adaptively
controlled by discussed above control scheme which makes the proposed ODT resistor
fully acceptable for USB. The [12] does not have means for adaptive control of
impedance and as shown in [8] In case of structure from [12] there are about 30%
deviations from 45Q in case of lower voltages, but our proposed CMOS resistor
shows very good linearity in the whole range.

Conclusion.New voltage-controlled CMOS resistor aimed at on-chip termination
is proposed. Current—voltage characteristics show that this on-chip active termination
resistor has good linearity across a wide range, and can be applied for USB
transmitter. Simulations run proves that resistor impedance can vary within the range
about 5...7% depending on temperature and process variations that is acceptable by
USB specification. Presented on-chip CMOS resistor has about 20% better linearity
compared to other PMOS active resistors in case of small voltages while using
theanalog adaptive control method eliminates the noises that occur in case of digitally
adjusted resistors. The on-chip resistor was aimed at 452 nominal value used in USB,
but could be easily controlled with modifications of gate voltage and corresponding
transistors ratios, hence be acceptable for other drivers with various termination
impedance values(45...75Q) as well.
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4.C. UGLPL3UL, U4, QUM CPLAY, 9.4, UZUrNL8UL, LU UULULSUL,
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LErASNPENUSPL ONVULRUSU UL WUOUNGRPUSAL 227 ZUNNMPZUU UL

Uhkpuynulu thnjuwguindwl nighunph nknulunudp poipbnh pu oginud | tuquu-
gnyuh hwugul) kpuyhtt wqnupwih Ypuw wgnnn wndnijubpp b nanbubjupnunpdut Swju-
ubpp: Unwewplwé b tnpt Gppniptnughtt thnjuwbpwndwtt YUOY wljwnhy nkqhuwnp:
Unpbjuynpiwt wpnniupnid uinugqué hnuwtip-jupnud, phdwnpnipnit-jupnd jupanuduk-
h Uhongny gnyg t wipyws, np wnwewplynn nkqghuninpt niih juwy gqduyunipnit jupdwi thn-
thnjudwt poyjunnpbh dhpwluypnid b, nEjudupdtng whwnguyht tpubwlng (hujwbuwght
Jupuwt dhgngny), jupnn £ Yhpweydl) hwgnppuljui hwdwuhwwih gonh (22%) hunnpgsh
Epnud: 8nyg E wipdws, np ubkpluyugynn phiqhunnp wywhndnud kunn 20% wykh jwy gduy-
umpmit’ hwdbdwwnws wy dhugt UOU Junmgwspubph Ypw hhdtdus ubppmipknuyght
nhighunnpitiph htw:

Unpwhgpuypli pupkp. Zwgnpnuljut hwdwuyhwwihnnn, hwnnpnhy, ubppniptnuyht
thnjuwbipwindw nighuwnnp, Ljpuwyhtt wqpubpwih wddwb wpugqnipmn:
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B.1I. MEJIUKSAH, C.B. TABPUJIOB, B.K. ATAPOHSH, H.K. ACJIAHSH,
A.C. OTAHHECSH

BHYTPUKPUCTAJIbHBII KMOII PE3UCTOP TEPMUHAILIAU JJIS
NEPEJATYUKA YHUBEPCAJIbHON MOCJIEJJOBATEJIbHOM IIUHBI

B coBpeMeHHBIXUHTErpaIbHBIX CXEMax HCIOJIb30BAaHUEBHYTPUKPUCTAIBHBIX PE3UCTOPO-
BBBITOTHOC TOUYKHU 3pEeHUSIMUHUMHU3AIUUIITY MOBUIKOHOMHHCPEICTB. B JTaHHOM
paboTenpennaraeTcsi HOBBI BHYTPHUKPHUCTANBHBIA H yrhpasisieMbliiHanpspkeauem KMOIT
pesuctop TtepmuHaiuu. C TOMOUIbIO BOJBT-aMIEPHBIX XapaKTEPUCTUK JOKa3aHO, YTO
MIPEUIOKEHHBII pe3rcTop 00JagaeT XOpolled JIMHEHHOCTBbIO B JOIyCKaeMOM JHara3oHe
HampsDKEHUsS HMMOJKCTIIPUMEHATHCS  AJIANEpesaTinka YHUBEPCAIbHON IOCIe0BaTeIbHON
muHbl. Takke IMOKa3aHO, YTO IPEJIOKEHHBIH pe3ucTop o0jamaer Jydiied JWHEWHOCTHIO
(~20%) mpu HU3KUX HANPSHKEHHSX.

Knrwouesvle cnosa: yHuBepcallbHas IIOCIENOBaTENbHAsA IIMHA, NEPENATYUK, BHYTpH-
KPHCTaJIBHBIN PE3UCTOP, TEPMUHALIMS, CKOPOCTh HApAaCTAaHUS BBIXOJHOTO CUTHAA.
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