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Interfacing the 3-V MSP430 to 5-V Circuits

Lutz Bierl MSP430
ABSTRACT

The interfacing of the 3-V MSP430x1xx and MSP430x4xx microcontroller families to
circuits with a supply of 5 V or higher is shown. Input, output and 1/O interfaces are given
and explained. Worst-case design equations are provided, where necessary. Some
simple power supplies generating both voltages are shown, too.
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1 Introduction

The modern MSP430s, such as the members of the MSP430x1xx family and the MSP430x4xx
family, are available for the supply voltage range from 1.8 V to 3.6 V only. This is due to the
manufacturing process used, and has the advantage of drawing even less current than with the
5-V supply used by the MSP430C3xx family.

If an interface to a 5-V system—or a system with an even higher voltage—is necessary, it can
result in difficulties. This application report shows and explains 5-V interfaces for the MSP430
inputs, outputs and 1/Os. Figure 1 shows examples of input, output, and I/O interfaces. The gray
shaded boxes are the topic of this application report.

Note: In the following, the term MSP430 stands for the members of the MSP430x1xx and the
MSP430x4xx families.

Note: The given formulas for the external supply voltage V() also can be used for higher
voltages than 5 V. They are useful for any external voltage, e.g., V(sys) = 12 V.
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Figure 1.
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2.1

2.2

With the worst-case equations, the following simplifications are used for the calculation with
small values of ax (like for the tolerance p):

l+a -a
L <@-ay L ~@+ay) T~ (14 2a,) x
1+a, 1-a, 1-a, l+a

~ (1_ 2ax)

X

The resulting errors can be neglected if |ay| < 0.1.
Definitions

MSP430 Specification Values

The numeric values for the worst-case design equations are taken from [4]. The indicated values
are for DVgc =3 V:

DVce(min Minimum digital supply voltage of the MSP430x4xx 1.8V

DVceman Maximum digital supply voltage of the MSP430x4xx 3.6V

Vim(max) Maximum high input threshold voltage of an MSP430 port 1.9V

VT (min) Minimum low input threshold voltage of an MSP430 port 09V

V oH(min) Minimum high port output voltage @ lo = —1.5 mA DVee —0.25V
VoL (max) Maximum low port output voltage @ Io = 1.5 mA DVgs + 0.25V
likg Leakage current of an MSP430 input +50 nA

Absolute maximum current through the protection diodes  +2 mA
of any MSP430 terminal (V,<—-0.3V orV,>V¢c+ 0.3V)

Note: The output impedance rpsny 0f an MSP430x4xx output is not taken into account, due to
the choice of high resistor values with the design equations. The output impedance rpgen (mMax.
167 Q) is very small compared to the resistors used.

External System Definitions

Visys) Supply voltage of the external system V]
Visysh) High output voltage from the external system V]
V(sys) Low output voltage from the external system V]
V(sys+) High input voltage of the external system V]
p Tolerance of the interface resistors [%0]
DVce(min Minimum supply voltage for the MSP430 with a DV¢c = V]

3.0V +10% (3.0 V x 0.9 = 2.7 V)

Interfacing the 3-V MSP430 to 5-V Circuits 3
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3.1

4

Input Interfaces

The input interfaces shown are primarily intended for the interfacing between 5-V and 3-V
systems. However, they also can be used for external voltages higher than 5V, e.g., the
interfacing of a 12-V signal to the MSP430 input.

Resistor-Divider Input Interfaces

An external, digital input voltage V,sys) is connected to the MSP430. The worst case equations
for the two resistors R1 and R2 shown in Figure 2 are:

\Y min -V, RL V max — Virmi DV,
ﬂ < (sysH) IT(max) and Rl (sysL) IT(min) and Rl” R2 << cc
R2 Vit(max) * (1+ 2p) R2 VIT(min) x (1_ Zp) | IIkg |

The first two equations ensure that the input voltage V,us0) at the MSP430 input is above (when
Visys) iS high) or below (when Vs is low) the worst case input threshold voltages. The third
equation ensures that the leakage current I, of the input does not influence the voltage Vaso).

To avoid current into the input protection diodes of the MSP430 it is necessary that:

R2 max . R2 min
<DV, -~ + 0.3 and V, min x >—-0.3
R1min + R2 max CC(min) (sysL) R1max + R2 min

V(sysH) max x

vV 3V

I(sys) ﬁ)

DV¢e
AVcc

R1
MSP430x4xx

Input

R2 Viao) DVgs
AVgg

Figure 2. Resistor Input Interface From 5 V to the MSP430

EXAMPLE: the two input voltages from the system are V(s = 5.0 V £10% and
Visysyy = 0.5V £0.5 V. The resistor tolerance is p = £5%. The minimum supply voltage of the

MSP430 in this example is DVceming = 2.7 V (3.0 V — 10%).

With the above specifications for the threshold voltages Virmax and Virminy this leads to the
condition for the input voltage Vsysmin:

Interfacing the 3-V MSP430 to 5-V Circuits
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\Y min—V _
& < (sysH) IT(max) _ 45V-19V & <1.244
R2 Virmao * @+2p) 1.9V x (1+0.1) R2

The condition for the low input voltage Vsysymax is:

V max — Vi _
RL_ Visysty Ty _ 1.0V-09V RL_(oag
R2™ Vi x(1-2p) ~ 0.9V x(1-0.1) R2

To ensure negligible influence of the leakage current lyg:

DVee 3V

R1||R2 << =
|i 50 nA|

|| | — R1||R2 << 60MQ
kg

The three design equations above allow a wide range for R1 and R2. If R1/R2 is chosen to be
1.0 and R1||R2 to be 600 k2, then R1 = 1.2 MQ and R2 = 1.2 MQ.

To avoid current into the input protection diodes of the MSP430 it is necessary:

R2 max _ R2 min
<DV, im +0.3 and V mnx —=" 5 _03
R1min + R2 max CCmin) (sysL)

V max x
(sysH) Rlmax + R2min

1.26 MQ

5.5Vx
1.14MQ+1.26 MQ

<27V +03 — 28875V <3.0V the condition is true.

1.14MQ

0.0V x
1.26 MQ +1.14MQ

>-03V —> +00V>-03V the condition is also true.

The last two equations are not important if the current into the MSP430 input is far below +2 mA
(the absolute maximum rating value for an input current). This is the case for the example given:
R1||R2 = 600 kQ.

The above mentioned design equations are valid for the following MSP430 terminals, if switched
to the input direction:

e All'l/O ports (ports P1 to P6)

e Crystal inputs XIN and XT2IN: V; xmax = 0.2 x DV¢c, Vinpmin = 0.8 x DVec
e RST/NMlinput: V, max = DVgs +0.6 V, V\ymin = 0.8x DV¢c

e  Comparator_A inputs CAO and CAl

o  UART/SPI inputs URXDx, SOMIx, SIMOx, UCLK

e Timer_Ainputs TACLK, TAO to TA2

Interfacing the 3-V MSP430 to 5-V Circuits 5
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e Timer_B inputs TBCLK, TBO to TB6

e ADCI12 inputs: the sample time tampley Must be adapted to the impedance R1||R2 of the
resistor divider. For more information, see the ADC12 chapter of [2] or [3].

Transistor Input Interface

The transistor-input interface is a very simple interface that can adapt many external systems to
the MSP430 family. Figure 3 shows an example for an inverting input buffer. The resistor R¢ can
be switched off by an output to save current during low-power mode 3.

3V
oy i
— — — — Output  DV¢
AVee
R
¢ MSP430x4xx
VI(Sys) RBl Input
DV
l RBZ AVSS
® ® L oV

Figure 3. Transistor Input Interface From a 5-V Environment

The design equations for the resistors R¢, Rg; and Rg; are:

DV im — V
Rc < ( CC(min) IT(max)

1+p)x (Ilkg + IIkg(Tr))

ensures high potential at the MSP430 with leakage currents

R V max . .
BL | Z(oysb) ~1{x (1+2p) ensures turnoff of the transistor for input voltage Vsysiymax
Reo VBE(off)

The third equation ensures the turnon of the transistor for the input voltage Vsyswmin:

: R
Vigysty MiN = Vag(on) [1+ RBl x 1+ 2p)J
B2

Rg; < DVeoman x Bminx R min

Where  Vgeeomy Transistor base-emitter voltage for secure turnoff V]
Veeon)y Transistor base-emitter voltage for secure turnon V]
B Current amplification of the transistor
gy  Leakage current of the transistor [A]

Interfacing the 3-V MSP430 to 5-V Circuits
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Example: Input voltage Vs is connected to an MSP430 input with lg = £50 nA. The minimum

high-input level V(gsyymin = 4.5 V, the maximum low-input level V(s,symax = 0.7 V. The resistor

tolerance of all resistors is p = 25%. The supply voltage is DVcc = 3 V £10%. The transistor

properties are Vggon) = 0.75 V, Vegem = 0.2 V, Bmin = 100, kg = 10 nA.

The maximum nominal value for R¢ is:

DVecmin — V. _
Re < ——on a9, _ 27V - 1.9V —127MQ  chosen Rc = 2 MQ
(1+p) % g +lygerry) (@+0.05)x (50nA +10nA)

The minimum ratio for the nominal values of Rg; and Rg; is:

V
Rey >[ (syst) T —1]><(1+ 2p):(%— Jx(1+ 0.1)=275

Rg2 Vae(off)

The maximum nominal value for Rg; is:

. R
VigysH) MiN = Vag(on) % (1+ RBl x (1+ Zp)J
RB1 < B2

x Bminx R min
DVCC(max)

45V -0.75V x[1+2.75 x (1+0.1)]
DVCC(max)

Rgi < x 100x 2MQ x (1-0.05) = 85.3MQ

With the value 39 MQ for Rg; the resistor Rg, gets:

Rg, < Rey _39MQ_ ., 18M0  chosen Rgz = 10 MQ

275 275

Op-Amp Input Interface

chosen Rg; = 39 MQ

Op amps for the input interface are the best choice, if they are needed anyway for the system
(as an integrator, comparator, amplifier, DAC, etc.). For the TLC27L4 it is necessary to limit the
input voltages to a maximum of Vpp + 0.3 V. The minimum supply voltage of the TLC27L4

Veeming = 3 V.

Interfacing the 3-V MSP430 to 5-V Circuits 7



Q}i TEXAS

SLAA148 INSTRUMENTS
3.3V 3.3V 33V
? TLC27L4 |
RBl VDD DVCC
> AV¢c
From External Circuits
> Input
Vigf * 16V —0
0V-5V O—AM > nput
R1

Visys) 0V -12V O—VW\ > Input
DVgg
GND AVss

3.4

8

R2 % %RBZ

@ A4 @

Figure 4. Input Interfaces With Op Amps

The worst case equations for the two resistors R1 and R2 shown in Figure 4 is:

\Y, min—V, Y/ max — Vi gt(mi DV
& < (sysH) ref(max) and & S (sysL) ref(min) and R1 ” R2 << YVcee
R2  Vigman x (1+2p) R2 Vier(min X (1-2p) |||kg|
Rp2 max Ry, min

where  Vigmaxy = DVecmax X and Vret(min) = DVeomin *

Rg; min+ Rz, max Rg; max+ Rg, min

A calculation example is given in Resistor Divider Input Interface, Section 3.1.

ULNZ2003A Input Interface

On the left side of Figure 7, three ULN2003A buffers are used for the input interfacing to 5-V and
12-V systems. The series resistor Ry (p = £5%) for the 12-V input signal (V(syswymin = 11 V) is:

V(sysH) min — VI(on) min 11V -24V

Ry < =
(1+p) x Iion) Max 1.05 x 1.35mA

R, max < 6.06 kQ chosen Ry = 6.0 kQ

The pullup resistor R, at the MSP430 input is:

R. < Vee = Vitman _ 3v-19V
P " (1+p)xleg max  1.05x 50pA

R, max < 20.9kQ chosen R, = 20 kQ

To avoid current consumption, the resistors R, are switched to DV only when necessary.

Interfacing the 3-V MSP430 to 5-V Circuits
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3.5

3.6

Current

Integrated-Circuit Input Interface

For a 5-V to 3.3-V input interface, any CMOS-circuit can be used which fulfills the following two
conditions:

e |tis built for a supply voltage of 3.3 V or lower.

e Itis explicitly allowed to use input voltages higher than 3.3 V.
The AHC and LVC families fulfill both conditions. They share the 3.3-V supply of the MSP430.

Note: A check is necessary to determine if an input voltage V, higher than the 3.3-V supply is
really allowed. This means, in the data sheet under absolute maximum ratings the following
entry appears:

Input voltage range VBi..........cccovvvvvnnnnne. 05Vto7V
And not as usual with other CMOS circuits:
Input voltage range Vi.......c.coovvvviineiennnn. 0.5V1to Vect0.5V

or

Input clamp current I (Vi< 0 or Vi > Vec) ...220 mA

Analog Input Interface

The same resistor divider solution as shown for the digital interfaces above is possible for the
analog ADC12 inputs. Figure 5 shows the connection of a 5-V Hall-sensor current interface to
the ADC12 input Ax. The worst case equations for the resistor divider can be seen in Resistor
Divider Input Interfaces, Section 3.1.

sV 3V
(P ? Hall-Sensor
Transfer Characteristic
Vee DVce
AVec Output 4
Hall-Sensor
Current I/F MSP430x4xx 40V
R1
—1 ACIn Output AX 30V
—] AC Out v 1o0v
R2 < Viade) DVgg
GND AVgg 1.0V
e ! ! T
T oV T asA 0A 15A >
® * ® ov

Current

Figure 5. Analog ADC12 Input Interface From 5V to 3V

Interfacing the 3-V MSP430 to 5-V Circuits 9
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10

If the external peripheral cannot deliver the current for the resistor divider, a unity-gain op amp
can be placed between the peripheral output and resistor R1.

The ADC12 sample time tampiey Must be adapted to the impedance R1||R2 of the resistor
divider. For more information, see the ADC12 chapter of [2] or [3].

Output Interfaces

No interface is heeded for LCDs and for passive sensors. They are directly connected to the
MSP430 in the usual way. See [2].

Transistor Output Interface

A simple interface to systems with higher supplies than 3 V is shown in Figure 6. The transistor
load R, can be nearly anything: resistors, fans, heating coils, relays, etc. The base resistor Rg
can be calculated with the equation:

R min x min x (VOH(min) - VBE(on))

Re < (1+p)x V(gys) max

Where R min Minimum load resistor [Q]
Bmin Minimum current amplification of the transistor
Viysmax  Maximum supply voltage of the external system V]
Vee(on) Transistor base-emitter voltage for turnon V]

Due to the low output voltage of the MSP430 port, no resistor from the transistor base to 0 V is
necessary.

+3V

T Vsys

DVce
AVcc

MSP430x4xx To external System

Port

DVss Vout  VcEsat to Vsys
AVss

Figure 6. Transistor Output Interface to a 5-V Environment

Example: a load R, = 100 Q +£3% is connected to V(s) = 5 V £10%. The resistor tolerance of Rg
is p = £10%. The minimum supply voltage in this example iS DVccmin = 2.7 V (3.0 V — 10%). The
transistor properties are Vggon) = 0.7 V and pmin = 100.

. 100Q (1-0.03)x 100 x (2.7V = 0.25V - 0.7V)
(1+0.1)x 5V x(1+0.1)

Rg — Ry <2805.8Q chosen Rg =2.7 kQ

Interfacing the 3-V MSP430 to 5-V Circuits
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4.3

Interface to CMOS-TTL Inputs

All integrated circuits with TTL-CMOS inputs can be used as output circuits for the MSP430x1xx

and MSP430x4xx. The input voltages of these ICs are:
Viumin Minimum high-level input voltage 20V
V, . max Maximum low-level input voltage 0.8V

Both voltages are within the output voltage range of an MSP430 output: DV¢c — 0.25 V and
DVss + 0.25 V for DVcc = 2.7 V to 3.6 V. No interface circuit is necessary; the TTL-CMOS ICs
contain the 3-V/5-V interface on-chip.

Interface to ULN2003 Inputs

For high output currents or to drive up to seven 5-V output ports, the ULN2003A output buffer
can be used. The properties of the ULN2003A are:

[Lmax Maximum output current 500 mA
Vi max Maximum output voltage 50V
Vommax Maximum input voltage (I, = 200 mA) 2.4V

I\ emmax Maximum input current (V, = 3.85 V) 1.35 mA
lcemax Maximum output leakage current (Vce = 50 V) 50 pA

On the right side of Figure 7, the ULN2003A is used for the output buffering to 5-V and 12-V

peripherals. The common free-wheeling diodes of the ULN2003A used for the 12-V peripherals

do not influence the 5-V signals.

Interfacing the 3-V MSP430 to 5-V Circuits
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Common
Free-Wheeling
Diodes

3V 12v/
” (P 4/7 ULN2003A 5V

DV¢e
AVcc

a7uNz00sa o Fp %
e—() Buffered ACLK

ACLK
Inputs % % %

20 kHz

CFWD
'| |_| r Motor 1 (Fan)
OV-5VO >o . Input TB1 >o (M)y—o 12v
Relays Signal
Load TRIAC
0V-5vVQ >O Input Port >C AMAN—O 5V
20 kHz
Ry '| |_| r Motor 2 (Pump)
\Y
I(sys) Input O—o 12V
oy 59 O >o p 82 >c M
DVgs
GND AVgs GND

ov

Figure 7. Interfaces With High-Current Output Buffers ULN2003

The input interface on the left side of Figure 7 is described in ULN2003A Input Interface, Section
3.4.

4.4 Op-Amp Output Interface

With the quad op amp TLC27L4, an interface to system voltages Vs of up to 16 V can be
realized. The resistor divider at the inverting inputs of the TLC27L4 generates a voltage of
approximately 1.5 V. The values for Rg; and Rg, must fulfill the equation:

3V

DV . . . .
cCc - =1.07GQ This allows resistors with 10 MQ resistance.
zllkg(Op) 4x0.7nA

Rg1 || Rgz <<

12 Interfacing the 3-V MSP430 to 5-V Circuits
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3V 3V Visys)
” ? TLC27L4
DVcc Ra1 Voo Outputs
AVce
~15V \’ > O_V(sys)
0 b
utput > 0V
- (sys)
Output +
> 0Visys)
o h
utput > oV
- (sys)
DVsg
AVsg GND
RBZ %
Figure 8. Output Interfaces With Op Amps
4.5 Integrated-Circuit Output Interface

5.1

Nearly all TTL-compatible ICs, such as the HCT and AHCT families, can be used for 3-V to 5-V
output interfaces. The same is true for all bipolar circuits.

If the 5-V supply is switched off during the time when the 3-V supply is still on (e.g., during a
power down of the 5-V supply as shown in Figure 11), then only circuits that do not have built-in
ESD protection diodes can be used for the input to the V¢ connection. Otherwise, a current
flows from the 3-V supply to ground via this protection diode. This means that only AHCT and
bipolar circuits can be used in this case.

Bidirectional Interfaces

Simple, Bidirectional Op-Amp Interface

If true I/O performance is needed between the MSP430 and a 5-V system, then the interface
circuit shown in Figure 9 can be used. The op amp works as a flip-flop: the 1/O pin currently
working as an output controls the state of this flip-flop. The other I/O pin must be an input.

Interfacing the 3-V MSP430 to 5-V Circuits
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+3V Vsys (+5V)
MSP430x4xx T Bi-directional Interface T 5V System
DVce Vce
AVce Y2 TLC27L4
Vref = DVece/2 Vsys RDSon
RDSon _ R3 6—:’—VCC
pvee LT ——0=—=0—())— +——likg(sys)
llkg —4—» —@—o—c + 1/0 Pin ?—:"V
i SS
ovss T3 [VOPIn ov RoSon
RDSon (|
R4
DVss R5
AVss Vss
ov l ® J‘ ov

14

Figure 9. Bidirectional Interface Between 3-V and 5-V Systems

The worst-case design equations for the resistors R3, R4 and R5 are:

V, min
R (1-2p)x| e T4 ensures a high level at the MSP430 input
R5 Vref(max)
V max
R S (+2p)x| oo T prevents voltages higher than DV¢c at the MSP430 input
RS DVCC(min)

The next equation ensures high level at the MSP430 input with the MSP430 and op amp
leakage currents lyg and lgop):

; R4
VisysH) MIN = Vief(max) % (14' RS X (1+ Zp)j

R4 <
(llkg + IIkg(Op))X (1+ p)

The last equation ensures a high level at the external system input with its leakage current

likg(sys):
R3 < V(sys)min — V(Sysﬂ.min
(1+p)x (hkg(SyS) + V(SYSE):] ln(l_ ::)’;f(mm) J
Where Vi Reference voltage for the input level decision V]
likg Input leakage current of an MSP430 input [A]
lkgop)  Input leakage current of the opamp input [A]
lkgsys)y INput leakage current of the system input [A]

Example: bidirectional interface for the following data: V(sys) = 5V £10%, V(sysiymin = 4V,
V(sy5+)maX =35V, Ilkg(sys) =+1 MA, IIkg(Op) =4700 pA, Ilkg =450 nA, Vet = 1.5 V £5%. The resistor
tolerance is p = £5%. The minimum supply voltage of this example is DVceminy = 2.7 V (3.0 V —
10%).

Interfacing the 3-V MSP430 to 5-V Circuits
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\/ min
RE (1-2p) x| 204 =(l—2x0.05)><( av j=1.386
R5 ef(mad) 1575V
V, max
RE S (4 2p) x| o™y :(1+2><O.05)><(5'5V - ]:1.14
R5 Vecming 2.7V
The medium value of the two R4/R5 limits is taken: %:%:1.26
. R4
\Y/ min -V, x| 1+ —x(1+2
(oysH) ref(max) ( R5 ( p)j 4.0V —1.575V x (1+1.26 x (1+ 2x 0.05))
R4 < = = 4.55MQ
(g + ligopy ) x @+P) (50nA + 700pA) x (1+0.05)
. . . _ R4 2MQ
R4 is chosen to be 2 MQ. Resistor R5 is calculated as: R5 = 126~ 126 - 1.59MQ
Vieyamin — V max _
R3 < (sy5) v (sys+) . - 45V 25\\// ey - 479K
(sys+) max — ref(min) 1+ 0.05) x A4 -4
(L+p)x ('Ikg(sys) + R4 x (L+p) J (1+0.05)| 1u 2MQ x (1+0.05)

5.2

The three chosen resistors are: R3 =330 kQ, R4 =2 MQ, R5=1.6 MQ

Integrated-Circuit 1/O Interface

Dedicated level converters like the SN74LVCC4245A can be used for a bidirectional 1/0O
interface. It is an 8-bit wide level converter, which can convert the I/O levels to 5 V for a
complete MSP430 port. Figure 10 shows an application with this IC.

The MSP430 determines the data direction of the interface with the DIR terminal. If needed, bus

A can be isolated from bus B with the OE terminal.

Interfacing the 3-V MSP430 to 5-V Circuits
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Figure 10. Integrated-Circuit I/O Interface

Power Supplies

Note: the design equations for the power supplies below are given in the Power Supplies for
MSP430 Systems chapter of [1]. This chapter also describes other kinds of power supplies, e.g.,

transformer driven supplies, with their design equations.

Figure 11 shows a capacitor power supply for two output voltages, Veci =3V and Ve =5 V. If
the output current of the TLC27L4s is not sufficient, an NPN output buffer can be used as shown

in Figure 12.

Interfacing the 3-V MSP430 to 5-V Circuits
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Figure 11. Capacitor Power Supply for Two Output Voltages

Using the power-down output, PD, the MSP430 can switch off the 5-V supply during low power
periods (LPM3):

o Active mode: the MSP430 PD output is switched to the high-impedance mode.

o LPM3: the MSP430 output PD is switched to DV¢c. The 5-V regulator outputs a voltage

near O V.

Figure 12 shows a power supply for two output voltages Vccs =3V and Ve =5 V. The 3-V
supply is buffered with an NPN transistor to allow a higher current.
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Figure 12. Power Supply for Two Output Voltages

7 Summary

As this application report showed, it is possible to build cost-effective interfaces for the connection of
the 3-V MSP430 families to a 5-V environment. In some cases, the external 5-V peripherals already
contain the necessary interface. Thanks to Eilhard Haseloff for his very helpful hints.
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