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1.

PCAL6416A

Low-voltage translating 16-bit I2C-bus/SMBus 1/0 expander
with interrupt output, reset, and configuration registers

Rev. 6.2 — 7 April 2017 Product data sheet

General description

The PCAL6416A is a 16-bit general-purpose 1/0O expander that provides remote /O
expansion for most microcontroller families via the I2C-bus interface.

NXP I/O expanders provide a simple solution when additional 1/Os are needed while
keeping interconnections to a minimum, for example, in battery-powered mobile
applications for interfacing to sensors, push buttons, keypad, etc. In addition to providing
a flexible set of GPIOs, it simplifies interconnection of a processor running at one voltage
level to I/O devices operating at a different (usually higher) voltage level. The PCAL6416A
has built-in level shifting feature that makes these devices extremely flexible in mixed
signal environments where communication between incompatible I/O voltages is required.
Its wide Vpp range of 1.65 V to 5.5 V on the dual power rail allows seamless
communications with next-generation low voltage microprocessors and microcontrollers
on the interface side (SDA/SCL) and peripherals at a higher voltage on the port side.

There are two supply voltages for PCAL6416A: VDD(I2C-buS) and VDD(P)- VDD(I2C-bus)
provides the supply voltage for the interface at the master side (for example, a
microcontroller) and the Vppp) provides the supply for core circuits and Port P. The
bidirectional voltage level translation in the PCAL6416A is provided through Vpp(i2c-bus)-
Vpp(i2c-bus) Should be connected to the Vpp of the external SCL/SDA lines. This indicates
the Vpp level of the 12C-bus to the PCAL6416A, while the voltage level on Port P of the
PCALG6416A is determined by the Vppp).

The PCAL6416A contains the PCA6416A register set of four pairs of 8-bit Configuration,
Input, Output, and Polarity Inversion registers and additionally, the PCAL6416A has
Agile I/0O, which are additional features specifically designed to enhance the 1/O. These
additional features are: programmable output drive strength, latchable inputs,
programmable pull-up/pull-down resistors, maskable interrupt, interrupt status register,
programmable open-drain or push-pull outputs. The PCALB416A is a pin-to-pin
replacement to the PCA6416A, however, the PCAL6416A powers up with all I/O interrupts
masked. This mask default allows for a board bring-up free of spurious interrupts at
power-up.

At power-on, the I/Os are configured as inputs. However, the system master can enable
the 1/Os as either inputs or outputs by writing to the 1/0 configuration bits. The data for
each input or output is kept in the corresponding input or output register. The polarity of
the Input Port register can be inverted with the Polarity Inversion register, saving external
logic gates. Programmable pull-up and pull-down resistors eliminate the need for discrete
components.
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

The system master can reset the PCAL6416A in the event of a time-out or other improper
operation by asserting a LOW in the RESET input. The power-on reset puts the registers
in their default state and initializes the 12C-bus/SMBus state machine. The RESET pin
causes the same reset/initialization to occur without depowering the part.

The PCAL6416A open-drain interrupt (W) output is activated when any input state differs
from its corresponding Input Port register state and is used to indicate to the system
master that an input state has changed.

INT can be connected to the interrupt input of a microcontroller. By sending an interrupt
signal on this line, the remote 1/O can inform the microcontroller if there is incoming data
on its ports without having to communicate via the 12C-bus. Thus, the PCAL6416A can
remain a simple slave device. The input latch feature holds or latches the input pin state
and keeps the logic values that created the interrupt until the master can service the
interrupt. This minimizes the host’s interrupt service response for fast moving inputs.

The device Port P outputs have 25 mA sink capabilities for directly driving LEDs while
consuming low device current.

One hardware pin (ADDR) can be used to program and vary the fixed [2C-bus address
and allow up to two devices to share the same 12C-bus or SMBus.

2. Features and benefits

PCAL6416A

B 12C-bus to parallel port expander
B Operating power supply voltage range of 1.65Vt0 5.5V
B Allows bidirectional voltage-level translation and GPIO expansion between:
¢ 1.8V SCL/SDAand1.8V,2.5V,3.3Vor5V Port P
€ 25V SCL/SDAand1.8V,25V,3.3Vor5V Port P
¢ 33V SCL/SDAand1.8V,2.5V,3.3Vor5V PortP
€ 5V SCL/SDAand1.8V,25V,33Vor5V Port P
B Low standby current consumption:
@ 1.5 pAtypicalat 5V Vpp
€ 1.0 pA typical at 3.3 V Vpp

B Schmitt trigger action allows slow input transition and better switching noise immunity
at the SCL and SDA inputs

® Vs =0.18 V (typical) at 1.8 V

@ Vyys=0.25 V (typical) at 2.5 V

@ Vyys = 0.33 V (typical) at 3.3 V

@ Vs = 0.5V (typical) at 5V

5 V tolerant I/O ports

Active LOW reset input (RESET)

Open-drain active LOW interrupt output (INT)
400 kHz Fast-mode 12C-bus

Internal power-on reset

Power-up with all channels configured as inputs
No glitch on power-up

Noise filter on SCL/SDA inputs

All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

Latched outputs with 25 mA drive maximum capability for directly driving LEDs
Latch-up performance exceeds 100 mA per JESD 78, Class Il

ESD protection exceeds JESD 22

€ 2000 V Human-Body Model (A114-A)

4 1000 V Charged-Device Model (C101)

Packages offered: TSSOP24, HWQFN24, UFBGA24, VFBGA24, XFBGA24,
X2QFN24 (LGA, Land Grid Array)

2.1 Agile I/O features

B Software backward compatible with PCA6416A with interrupts disabled at power-up
Pin-to-pin drop-in replacement with PCA6416A

Output port configuration: bank selectable push-pull or open-drain output stages
Interrupt status: read-only register identifies the source of an interrupt

Bit-wise I/O programming features:

@ Output drive strength: four programmable drive strengths to reduce rise and fall
times in low-capacitance applications

@ Input latch: Input Port register values changes are kept until the Input Port register
is read

@ Pull-up/pull-down enable: floating input or pull-up/pull-down resistor enable
@ Pull-up/pull-down selection: 100 kQ pull-up/pull-down resistor selection

@ Interrupt mask: mask prevents the generation of the interrupt when input changes
state to prevent spurious interrupts

3. Ordering information

Table 1.  Ordering information

Type number Topside Package
mark Name Description Version

PCAL6416AEV  |L16A VFBGA24  plastic very thin fine-pitch ball grid array package; 24 balls; | SOT1199-1
body 3 x 3 x 0.85 mm

PCAL6416AEX  |L6XUI XFBGA24[2] |plastic, extremely thin fine-pitch ball grid array package; SOT1342-1
24 balls; body 2 x 2 x 0.5 mm

PCALG6416AEX1 16X X2QFN24  plastic, thermal enhanced super thin land grid array or quad SOT1895-1
flat package; no leads; 24 terminals; body 2.0 x 2.0 x
0.35 mm

PCAL6416AER | Se6XU UFBGA24[2] plastic, ultra thin fine-pitch ball grid array package; 24 balls; SOT1361-1
body 2 x 2 x 0.65 mm

PCAL6416AHF  |L16A HWQFN24 | plastic thermal enhanced very very thin quad flat package; ' SOT994-1
no leads; 24 terminals; body 4 x 4 x 0.75 mm

PCAL6416APW |PCAL6416A TSSOP24 plastic thin shrink small outline package; 24 leads; SOT355-1
body width 4.4 mm

[1] ‘X rotates from 1 to 5 and indicates the work week of the indicated month
[2] XFBGA24/UFBGA24 packages are discontinued with lifetime buy March 2017; new designs must use X2QFN24 package

PCAL6416A All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

NXP Semiconductors

3.1 Ordering options

Table 2.  Ordering options
Type number Orderable Package Packing method Minimum | Temperature range
part number order
quantity
PCAL6416AEV  |PCAL6416AEVJ VFBGA24 |Reel 13" Q1/T1 6000 Tamb = —40 °C to +85 °C
*Standard mark SMD
PCAL6416AEX  PCAL6416AEXX XFBGA24Ul |Reel 77 Q1/T1 5000 Tamb = —40 °C to +85 °C
*Standard mark SMD
PCAL6416AEX1 PCAL6416AEX1Z X2QFN24 Reel 7" Q2/T3 5000 Tamp = —40 °C to +85 °C
*Standard mark SMD
PCAL6416AER  PCAL6416AERJ UFBGA2401 |Reel 13" Q1/T1 10000 Tamb = —40 °C to +85 °C
*Standard mark SMD
PCAL6416AERX UFBGA241 Reel 77 Q1/T1 3000 Tamb = —40 °C to +85 °C
*Standard mark SMD
PCAL6416AHF  PCAL6416AHF,128 HWQFN24 Reel 13" Q2/T3 6000 Tamp = —40 °C to +85 °C
*Standard mark SMD
PCAL6416APW  PCAL6416APW,118 TSSOP24  Reel 13" Q1/T1 2500 Tamb = —40 °C to +85 °C
*Standard mark SMD

[11 XFBGA24/UFBGA24 packages are discontinued with lifetime buy March 2017; new designs must use X2QFN24 package

4. Block diagram

PCAL6416A
— INTERRUPT
INT LP FILTER LOGIC
ADDR
SCL P0O_0to PO_7
INPUT 12C-BUS S BITS) 110
FILTER CONTROL | REGISTER \\2>="2/] PORT
SDA L P1 0toP1_7
F—
VDD(12C-bus) write pulse T
Vop(p) POWER-ON read pulse
i == I/0 control
RESET RESET e
Vss — 11
0022af962
All I/Os are set to inputs at reset.
Fig 1. Block diagram of PCAL6416A (positive logic)
PCAL6416A All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

5. Pinning information

5.1 Pinning
- S
INT [1] [24] Vpp(p) 8 5 &<
terminal 1 'E'.:J >O |E >O 8 8
VDD(12C-bus) E 23| SDA index area —
RESET [3 | 22| sCL @@@@@@
PO_0 [4 ] 21| ADDR PO O [ (18] ADDR
PO_1 [5 | 20] P1_7 Po1[2) a7 P17
PO_2 |6 19] P1_6
2 [6] PCAL6416APW [19] P1_ PO2[3 Jon sareanr Q8 P18
PO_3 [7] 18] P1_5 P0_3 [4) (5] P15
Po_4 [8] [17] P1_4 PO_4|5) (14| P1_4
PO_5 [9] 16] P13 P05 [6) (3] P13
0.0 5l P2 ARARAR
Po_7 [11] [14] P1_1 © N~ 0O — o
Vss [12] [13] P10 g' g' < EI EI EI 002aaf964
002aaf963 Transparent top view
The exposed center pad, if used, must be
connected only as a secondary ground or
must be left electrically open.
Fig 2. Pin configuration for TSSOP24 Fig 3. Pin configuration for HWQFN24
ball AT PCAL6416AEV
index area
1 2 3 4 5

OO0 O OO0
lO 000 L
¢ O O O O O A | PO_O |RESET| INT SbA | scL
° O O O O O B2 Vbp(12c-bus)| VDD(P) | ADDR

C | P0_3 | PO_4 PO_1 P17 | P1_6
E O O O O O D | P05 | P07 P1_2 P14 | P15

002221966 E | PO_6 | Vss P1_0 P1_1 | P13
Transparent top view 002aag244
An empty cell indicates no ball
is populated at that grid point.
Fig 4. Pin configuration for VFBGA24 Fig 5. Ball mapping for 3 mm x 3 mm
(3 mm x 3 mm) VFBGAZ24 (transparent top view)
PCAL6416A All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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PCAL6416A

Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

ball A1 PCAL6416AEX
index area
2 3 4

o O O
O O
O
O

O O
O O
O O O O

002aah190

O O O O O
O O O Ofe

Transparent top view

XFBGA24 with 0.175 mm ball size.

Fig 6. Pin configuration for XFBGA24
(2 mm x 2 mm); EX option

Pa” A1 PCAL6416AER
index area
1 2 3 4 5

O OO0OO0O0
slO O OO0
OO0 00O
OO OO0
O O000O0

aaa-009837

>

m

Transparent top view

UFBGA24 with 0.24 mm ball size.

Fig 8. Pin configuration for UFBGA24
(2 mm x 2 mm); ER option

Fig 7. Pin configuration for X2QFN24

terminal 1 PCAL6416AEX1
A OO 0O
sf] O O O
ol O OO O
olJ O OO [

aaa-026741
Transparent top view

(2 mm x 2 mm); EX1 land grid array
option

1 2 3 4 5

RESET | Vbp(i2c-bus)| VopP) | SCL | ADDR

PO_2 PO_3 PO1 | P16 | P15

PO_4 PO_7 P10 | P14 | P1_3

P0_5 PO_6 Vss P1_1 P1_2

Fig 9. Ball mapping for 2 mm x 2 mm

002aah145

An empty cell indicates no ball
is populated at that grid point.

XFBGA24, X2QFN24 and UFBGA24
(transparent top view)
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

5.2 Pin description

Table 3.  Pin description

Symbol Pin Description
TSSOP24 |HWQFN24 |VFBGA24 |UFBGAZ24,
XFBGA24,
X2QFN24

INT 1 22 A3 B3 Interrupt output. Connect to Vpp(2c-bus) OF Vop(p)
through a pull-up resistor.

Vop(i2c-bus) |2 23 B3 A2 Supply voltage of 12C-bus. Connect directly to the Vpp
of the external 12C master. Provides voltage-level
translation.

RESET 3 24 A2 A1l Active LOW reset input. Connect to Vppac-bus)
through a pull-up resistor if no active connection is
used.

PO_olM 4 1 A1 B1 Port 0 input/output 0.

Po_1l1 5 2 C3 C3 Port 0 input/output 1.

PO_2[1 6 3 B1 C1 Port 0 input/output 2.

Po_3l1 7 4 C1 c2 Port 0 input/output 3.

PO_4M 8 5 c2 D1 Port 0 input/output 4.

Po_sl1 9 6 D1 E1 Port 0 input/output 5.

PO_sl1 10 7 E1 E2 Port 0 input/output 6.

Po_701 11 8 D2 D2 Port 0 input/output 7.

Vss 12 9 E2 E3 Ground.

P1_0[ 13 10 E3 D3 Port 1 input/output 0.

P1_1[2 14 11 E4 E4 Port 1 input/output 1.

P1_ 22 15 12 D3 E5 Port 1 input/output 2.

P1_3[ 16 13 E5 D5 Port 1 input/output 3.

P1_402 17 14 D4 D4 Port 1 input/output 4.

P1_5[2 18 15 D5 C5 Port 1 input/output 5.

P1 62 19 16 C5 C4 Port 1 input/output 6.

P1_712 20 17 Cc4 B5 Port 1 input/output 7.

ADDR 21 18 B5 A5 Address input. Connect directly to Vpp(p) or ground.

SCL 22 19 A5 A4 Serial clock bus. Connect to Vppac-bus) through a
pull-up resistor.

SDA 23 20 A4 B4 Serial data bus. Connect to Vpp(2c-bus) through a
pull-up resistor.

Vpp(p) 24 21 B4 A3 Supply voltage of PCAL6416A for Port P.

[1] Pins PO_0 to PO_7 correspond to bits P0.0 to P0.7. At power-on, all I/O are configured as input.
[2] Pins P1_0to P1_7 correspond to bits P1.0 to P1.7. At power-on, all I/O are configured as input.

PCAL6416A All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

6. Voltage translation

Table 4 shows how to set up Vpp levels for the necessary voltage translation between the
|2C-bus and the PCAL6416A.

Table 4.  Voltage translation

Vbp(2c-bus) (SDA and SCL of I12C master) | Vpp(p) (Port P)
1.8V 1.8V

1.8V 25V

1.8V 3.3V

1.8V 5V

25V 1.8V

25V 25V

25V 3.3V

25V 5V

3.3V 1.8V

3.3V 25V

3.3V 3.3V

3.3V 5V

5V 1.8V

5V 25V

5V 3.3V

5V 5V

PCAL6416A All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

7. Functional description

Refer to Figure 1 “Block diagram of PCAL6416A (positive logic)”.

7.1 Device address

PCAL6416A

7.2

7.3

The address of the PCAL6416A is shown in Figure 10.

slave address

AD | n v
0|1 0[O0 |O0]O0]|pgr|RW

fixed hardware selectable

002aah045

Fig 10. PCAL6416A address

ADDR is the hardware address package pin and is held to either HIGH (logic 1) or LOW
(logic 0) to assign one of the two possible slave addresses. The last bit of the slave
address (R/W) defines the operation (read or write) to be performed. A HIGH (logic 1)
selects a read operation, while a LOW (logic 0) selects a write operation.

Interface definition

Table 5. Interface definition
Byte Bit
7(MSB) 6 5 4 3 2 1 0(LSB)
[2C-bus slave address L H L L L L ADDR RW
/O data bus . P07 | P06 P05 P04 P03 P02 P01 P00
P17 | P16 P15 Pi4 P13 P12 P11 P10

Pointer register and command byte

Following the successful acknowledgement of the address byte, the bus master sends a
command byte, which is stored in the Pointer register in the PCAL6416A. The lower three
bits of this data byte state the operation (read or write) and the internal registers (Input,
Output, Polarity Inversion, or Configuration) that will be affected. Bit 6 in conjunction with
the lower three bits of the Command byte are used to point to the extended features of the
device (Agile 10). This register is write only.

B7 | B6 | B5|B4|B3|B2]|B1]|BO

002aaf540

Fig 11. Pointer register bits
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Table 6. Command byte
Pointer register bits Command byte Register Protocol Power-up
B7 B6 B5 B4 B3 B2 B1 BO (hexadecimal) default
o 0 0 0 0 0 0 0 00h Input port 0 read byte o0k xxoex]
0 0 0 0 0 0 0 1 01h Input port 1 read byte XXXX XXXX
0 0 0 0 0 0 1 0 02h Output port 0 read/write byte 1111 1111
0 0 0 0 0 0 1 1 03h Output port 1 read/write byte 1111 1111
0 0 0 0 0 1 0 0 04h Polarity Inversion port 0  |read/write byte 0000 0000
0 0 0 0 0 1 0 1 05h Polarity Inversion port 1 read/write byte 0000 0000
0 0 0 0 0 1 1 0 06h Configuration port 0 read/write byte 1111 1111
0 0 0 0 0 1 1 1 07h Configuration port 1 read/write byte 1111 1111
0 1 0 0 0 0 0 0 40h Output drive strength read/write byte 1111 1111
register 0
0 1 0 0 0 0 0 1 41h Output drive strength read/write byte 1111 1111
register 0
0 1 0 0 0 0 1 0 42h Output drive strength read/write byte 1111 1111
register 1
0 1 0 0 0 0 1 1 43h Output drive strength read/write byte 1111 1111
register 1
1 0 0 0 1 0 0 44h Input latch register 0 read/write byte 0000 0000
1 0 0 0 1 0 1 45h Input latch register 1 read/write byte | 0000 0000
1 0 0 0 1 0 46h Pull-up/pull-down enable |read/write byte 0000 0000
register 0
0 1 0 0 0 1 1 1 47h Pull-up/pull-down enable | read/write byte 0000 0000
register 1
0 1 0 0 1 0 0 0 48h Pull-up/pull-down read/write byte 1111 1111
selection register 0
0 1 0 0 1 0 0 1 49h Pull-up/pull-down read/write byte 1111 1111
selection register 1
0 1 0 0 1 0 1 0 4Ah Interrupt mask register 0 read/write byte 1111 1111
0 1 0 0 1 0 1 1 4Bh Interrupt mask register 1 read/write byte 1111 1111
0 1 0 0 1 1 0 0 4Ch Interrupt status register 0  read byte 0000 0000
0 1 0 0 1 1 0 1 4Dh Interrupt status register 1 |read byte 0000 0000
0 1 0 0 1 1 1 1 4Fh Output port configuration |read/write byte 10000 0000
register
[1] Undefined.
PCAL6416A All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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7.4

7.4.1

7.4.2

PCAL6416A

Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

Register descriptions

Input port register pair (00h, 01h)

The Input port registers (registers 0 and 1) reflect the incoming logic levels of the pins,
regardless of whether the pin is defined as an input or an output by the Configuration
register. The Input port registers are read only; writes to these registers have no effect.
The default value ‘X’ is determined by the externally applied logic level. An Input port
register read operation is performed as described in Section 8.2.

Table 7.  Input port 0 register (address 00h)

Bit 7 6 5 4 3 2 1 0
Symbol 10.7 10.6 10.5 10.4 0.3 0.2 0.1 10.0
Default X X X X X X X X
Table 8.  Input port 1 register (address 01h)

Bit 7 6 5 4 3 2 1 0
Symbol 11.7 11.6 11.5 11.4 11.3 11.2 11.1 11.0
Default X \ X X X X X \ X \ X

Output port register pair (02h, 03h)

The Output port registers (registers 2 and 3) shows the outgoing logic levels of the pins
defined as outputs by the Configuration register. Bit values in these registers have no
effect on pins defined as inputs. In turn, reads from these registers reflect the value that
was written to these registers, not the actual pin value. A register pair write operation is
described in Section 8.1. A register pair read operation is described in Section 8.2.

Table 9.  Output port 0 register (address 02h)

Bit 7 | 6 5 4 3 2 1 o0
Symbol 00.7 00.6 00.5 00.4 00.3 00.2 00.1 00.0
Default 1 1 1 1 1
Table 10. Output port 1 register (address 03h)

Bit 7 | 6 5 4 3 2 1 o0
Symbol 0o1.7 01.6 015 014 01.3 01.2 o141 01.0
Default 1 1 1 1 1 1 1 1

All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

7.4.3 Polarity inversion register pair (04h, 05h)

The Polarity inversion registers (registers 4 and 5) allow polarity inversion of pins defined
as inputs by the Configuration register. If a bit in these registers is set (written with ‘1°), the
corresponding port pin’s polarity is inverted in the input register. If a bit in this register is
cleared (written with a ‘0’), the corresponding port pin’s polarity is retained. A register pair
write operation is described in Section 8.1. A register pair read operation is described in

7.4.4

PCAL6416A

Section 8.2.
Table 11. Polarity inversion port 0 register (address 04h)

Bit 7 6 5 4 3 2 1 0
Symbol NO.7 NO.6 NO0.5 NO.4 NO.3 NO.2 NO.1 NO.0
Default 0 0 0 0 0 0 0 0
Table 12. Polarity inversion port 1 register (address 05h)

Bit 7 6 5 4 3 2 1 0
Symbol N1.7 N1.6 N1.5 N1.4 N1.3 N1.2 N1.1 N1.0
Default 0 0 0 0 0 0 0 0

Configuration register pair (06h, 07h)

The Configuration registers (registers 6 and 7) configure the direction of the I/O pins. If a
bit in these registers is set to 1, the corresponding port pin is enabled as a
high-impedance input. If a bit in these registers is cleared to 0, the corresponding port pin
is enabled as an output. A register pair write operation is described in Section 8.1. A
register pair read operation is described in Section 8.2.

Table 13. Configuration port 0 register (address 06h)

Bit 7 | 6 5 4 3 2 1 o0
Symbol C0.7 Co0.6 C0.5 C0.4 C0.3 C0.2 Co0.1 C0.0
Default 1 1 1 1 R
Table 14. Configuration port 1 register (address 07h)

Bit 7 | 6 5 4 3 2 1 0
Symbol Cc1.7 C1.6 C1.5 Cl4 C1.3 C1.2 C141 C1.0
Default 1 1 1 1 R

All information provided in this document is subject to legal disclaimers. © NXP Semiconductors N.V. 2017. All rights reserved.
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7.4.5

7.4.6

PCAL6416A

Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

Output drive strength register pairs (40h, 41h, 42h, 43h)

The Output drive strength registers control the output drive level of the GP10O. Each GPIO
can be configured independently to a certain output current level by two register control
bits. For example Port 0.7 is controlled by register 41 CCO0.7 (bits [7:6]), Port 0.6 is
controlled by register 41 CCO0.6 (bits [5:4]). The output drive level of the GPIO is
programmed 00b = 0.25x, 01b = 0.5x, 10b = 0.75x or 11b = 1x of the drive capability of
the 1/0. See Section 9.2 “Output drive strength control” for more details. A register pair
write operation is described in Section 8.1. A register pair read operation is described in
Section 8.2.

Table 15. Current control port 0 register (address 40h)

Bit 7 \ 6 5 4 3 2 \ 1 \ o
Symbol CCo.3 CC0.2 CCo.1 CC0.0
Default 1 \ 1A 11 1 \ 1 \ 1

Table 16. Current control port 0 register (address 41h)

Bit 7 \ 6 5 4 3 2 \ 1 \ o
Symbol CCo.7 CC0.6 CCO0.5 CCO.4
Default 1 \ 1A 11 1 \ 1 \ 1

Table 17. Current control port 1 register (address 42h)

Bit 7 6 5 4 3 2 1 0
Symbol cC1.3 CC1.2 CC1.1 CC1.0

Default R T 1 I
Table 18. Current control port 1 register (address 43h)

Bit 7 6 5 4 3 2 1 0
Symbol CC1.7 CC1.6 CC1.5 CCl.4

Default R T 1 I

Input latch register pair (44h, 45h)

The input latch registers (registers 44 and 45) enable and disable the input latch of the I/O
pins. These registers are effective only when the pin is configured as an input port. When
an input latch register bit is 0, the corresponding input pin state is not latched. A state
change in the corresponding input pin generates an interrupt. A read of the input register
clears the interrupt. If the input goes back to its initial logic state before the input port
register is read, then the interrupt is cleared.

When an input latch register bit is 1, the corresponding input pin state is latched. A change
of state of the input generates an interrupt and the input logic value is loaded into the
corresponding bit of the input port register (registers 0 and 1). A read of the input port
register clears the interrupt. If the input pin returns to its initial logic state before the input
port register is read, then the interrupt is not cleared and the corresponding bit of the input
port register keeps the logic value that initiated the interrupt. See Figure 18.

For example, if the PO_4 input was as logic 0 and the input goes to logic 1 then back to
logic 0, the input port 0 register will capture this change and an interrupt is generated (if
unmasked). When the read is performed on the input port 0 register, the interrupt is
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Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

cleared, assuming there were no additional input(s) that have changed, and bit 4 of the
input port 0 register will read ‘1°. The next read of the input port register bit 4 register
should now read ‘0’.

An interrupt remains active when a non-latched input simultaneously switches state with a
latched input and then returns to its original state. A read of the input register reflects only
the change of state of the latched input and also clears the interrupt. The interrupt is not
cleared if the input latch register changes from latched to non-latched configuration.

If the input pin is changed from latched to non-latched input, a read from the input port
register reflects the current port logic level. If the input pin is changed from non-latched to
latched input, the read from the input register reflects the latched logic level. A register
pair write operation is described in Section 8.1. A register pair read operation is described
in Section 8.2.

Table 19. Input latch port 0 register (address 44h)

Bit 7 \ 6 5 4 3 2 \ 1 \ 0
Symbol | L0.7 L0.6 L0.5 L0.4 L0.3 L0.2 LO.1 L0.0
Default 0 \ 0 0 0 0 0 \ 0 \ 0

Table 20. Input latch port 1 register (address 45h)

Bit 7 \ 6 5 4 3 2 \ 1 \ 0
Symbol | L1.7 L1.6 L1.5 L1.4 1.3 L1.2 L1.1 L1.0
Default 0 \ 0 0 0 0 0 \ 0 \ 0

Pull-up/pull-down enable register pair (46h, 47h)

These registers allow the user to enable or disable pull-up/pull-down resistors on the I/O
pins. Setting the bit to logic 1 enables the selection of pull-up/pull-down resistors. Setting
the bit to logic 0 disconnects the pull-up/pull-down resistors from the I/O pins. Also, the
resistors will be disconnected when the outputs are configured as open-drain outputs (see
Section 7.4.11). Use the pull-up/pull-down registers to select either a pull-up or pull-down
resistor. A register pair write operation is described in Section 8.1. A register pair read
operation is described in Section 8.2.

Table 21. Pull-up/pull-down enable port 0 register (address 46h)

Bit 7 \ 6 5 4 3 2 \ 1 \ 0
Symbol =~ PE0.7 PE0.6 PEO5 PE0O.4 PE0.3 PE0.2 PEO.1  PE0.O
Default 0 \ 0 0 0 0 0 \ 0 \ 0

Table 22. Pull-up/pull-down enable port 1 register (address 47h)

Bit 7 6 5 4 3 2 1 o0
Symbol PE1.7 PE1.6 PE1.5 PE1.4 PE1.3 PE1.2 PE1.1 PE1.0
Default o 0 0 0 0 o o o0
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7.4.8 Pull-up/pull-down selection register pair (48h, 49h)
The 1/O port can be configured to have pull-up or pull-down resistor by programming the
pull-up/pull-down selection register. Setting a bit to logic 1 selects a 100 kQ pull-up
resistor for that I/O pin. Setting a bit to logic 0 selects a 100 kQ pull-down resistor for that
I/O pin. If the pull-up/down feature is disconnected, writing to this register will have no
effect on I/O pin. Typical value is 100 kQ with minimum of 50 kQ and maximum of 150 kQ.
A register pair write operation is described in Section 8.1. A register pair read operation is
described in Section 8.2.
Table 23. Pull-up/pull-down selection port 0 register (address 48h)
Bit 7 6 5 4 3 2 1 o0
Symbol  PUDO0.7 PUDO0.6 PUD0.5 PUD0.4 PUD0.3 PUDO0.2 PUDO0.1 PUDO0.0
Default 1 1 1 1 R
Table 24. Pull-up/pull-down selection port 1 register (address 49h)
Bit 7 6 5 4 3 2 1 o0
Symbol | PUD1.7 PUD1.6 PUD1.5 PUD1.4 PUD1.3 PUD1.2 PUD1.1 PUD1.0
Default 1 1 1 1 R
7.4.9 Interrupt mask register pair (4Ah, 4Bh)

Interrupt mask registers are set to logic 1 upon power-on, disabling interrupts during
system start-up. Interrupts may be enabled by setting corresponding mask bits to logic 0.

If an input changes state and the corresponding bit in the Interrupt mask register is set
to 1, the interrupt is masked and the interrupt pin will not be asserted. If the corresponding
bit in the Interrupt mask register is set to 0, the interrupt pin will be asserted.

When an input changes state and the resulting interrupt is masked (interrupt mask bit

is 1), setting the input mask register bit to 0 will cause the interrupt pin to be asserted. If
the interrupt mask bit of an input that is currently the source of an interrupt is set to 1, the
interrupt pin will be de-asserted. A register pair write operation is described in Section 8.1.
A register pair read operation is described in Section 8.2.

Table 25. Interrupt mask port 0 register (address 4Ah) bit description

Bit 7 6 5 4 3 2 1 o0
Symbol MO0.7 MO0.6 MO0.5 MO0.4 MO0.3 MO0.2 MO.1 MO0.0
Default 1 \ 1 1 1 1 1 \ 1 \ 1
Table 26. Interrupt mask port 1 register (address 4Bh) bit description

Bit 7 6 5 4 3 2 1 o0
Symbol M1.7 M1.6 M1.5 M1.4 M1.3 M1.2 M1.1 M1.0
Default 1 \ 1 1 1 1 1 \ 1 \ 1

PCAL6416A
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7.5

PCAL6416A

Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

Interrupt status register pair (4Ch, 4Dh)

These read-only registers are used to identify the source of an interrupt. When read, a
logic 1 indicates that the corresponding input pin was the source of the interrupt. A logic 0
indicates that the input pin is not the source of an interrupt.

When a corresponding bit in the interrupt mask register is set to 1 (masked), the interrupt
status bit will return logic 0. A register pair write operation is described in Section 8.1. A
register pair read operation is described in Section 8.2.

Table 27. Interrupt status port 0 register (address 4Ch) bit description

Bit 7 | 6 5 4 3 2 1 o0
Symbol S0.7 S0.6 S0.5 S0.4 S0.3 S0.2 S0.1 S0.0
Default 0 0 0 0 0 0 0 0
Table 28. Interrupt status port 1 register (address 4Dh) bit description

Bit 7 | 6 5 4 3 2 1 o0
Symbol S1.7 S1.6 S1.5 S1.4 S1.3 S1.2 S1.1 S1.0
Default o 0 0 0 0 o 0 0

Output port configuration register (4Fh)

The output port configuration register selects port-wise push-pull or open-drain 1/O stage.
A logic 0 configures the I/O as push-pull (Q1 and Q2 are active, see Figure 12). A logic 1
configures the I/O as open-drain (Q1 is disabled, Q2 is active) and the recommended
command sequence is to program this register (4Fh) before the configuration register
(06h and 07h) sets the port pins as outputs.

ODENQO configures Port 0_x and ODEN1 configures Port 1_x.

Table 29. Output port configuration register (address 4Fh)

Bit 7 6 5 4 3 2 1 0
Symbol reserved ODEN1 ODENO
Default o 0 0 0 0 o 0 0
1/0 port

When an /O is configured as an input, FETs Q1 and Q2 are off, which creates a
high-impedance input. The input voltage may be raised above Vppp) to a maximum of
55V.

If the 1/0 is configured as an output, Q1 or Q2 is enabled, depending on the state of the
Output port register. In this case, there are low-impedance paths between the 1/0 pin and
either Vpp(p) or Vss. The external voltage applied to this I/O pin should not exceed the
recommended levels for proper operation.
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datafrom — output port
shift register configuration register data

register ._DO_\ :ﬂ Vbb(p)
ldata from —|p Q Q1 ESD
shift register @9 protection
write FF diode
configuraton —{ck Q|}— HD Q PO OtoPO_7
I _ _
pulse FF E Q2 -\ ESD P1_0toP1_7
write pulse CK QD zircc))ctizctlon

output port

. Vss
register
- AT N\
D Q ]) ) input port
FF 7 register data
read pulse CK

Vpp(P - INTERRUPT —
5( ) input port MASK —— toINT
© register
PULL-UP/PULL-DOWN 100k0
CONTROL
— 3

input latch
register } LATCH
data from
— EN
shift register D Q read pulse

FF input port
write input L . latch
—1cK polarity inversion
latch pulse register
ldata from D Q
shift register
FF
write polarity
pulse cK 002aag971

On power-up or reset, all registers return to default values.
Fig 12. Simplified schematic of the 1/0s (P0_0 to P0_7, P1_0to P1_7)

7.6 Power-on reset

7.7

When power (from 0 V) is applied to Vppp), an internal power-on reset holds the
PCALG6416A in a reset condition until Vpp(p) has reached Vpog. At that time, the reset
condition is released and the PCAL6416A registers and 12C-bus/SMBus state machine
initializes to their default states. After that, Vppp) must be lowered to below Vpor and
back up to the operating voltage for a power-reset cycle. See Section 9.3 “Power-on reset
requirements”.

Reset input (RESET)

The RESET input can be asserted to initialize the system while keeping the Vppp) at its
operating level. A reset can be accomplished by holding the RESET pin LOW for a
minimum of tyrsy- The PCAL6416A registers and [2C-bus/SMBus state machine are
changed to their default state once RESET is LOW (0). When RESET is HIGH (1), the I/O
levels at the P port can be changed externally or through the master. This input requires a
pull-up resistor to Vpp(2c-bus) if N0 active connection is used.
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7.8 Interrupt output (ﬁ)

An interrupt is generated by any rising or falling edge of the port inputs in the Input mode.
After time ty(nT), the signal INT is valid. The interrupt is reset when data on the port
changes back to the original value or when data is read from the port that generated the
interrupt (see Figure 18). Resetting occurs in the Read mode at the acknowledge (ACK)
or not acknowledge (NACK) bit after the rising edge of the SCL signal. Interrupts that
occur during the ACK or NACK clock pulse can be lost (or be very short) due to the
resetting of the interrupt during this pulse. Any change of the 1/Os after resetting is
detected and is transmitted as INT.

A pin configured as an output cannot cause an interrupt. Changing an 1/O from an output
to an input may cause a false interrupt to occur, if the state of the pin does not match the
contents of the Input Port register.

The INT output has an open-drain structure and requires pull-up resistor to Vppp) or
Vpp(i2c-bus), depending on the application. INT should be connected to the voltage source
of the device that requires the interrupt information.

When using the input latch feature, the input pin state is latched. The interrupt is reset only
when data is read from the port that generated the interrupt. The reset occurs in the
Read mode at the acknowledge (ACK) or not acknowledge (NACK) bit after the rising
edge of the SCL signal.

8. Bus transactions

8.1

PCAL6416A

The PCAL6416A is an 12C-bus slave device. Data is exchanged between the master and
PCALG6416A through write and read commands using 12C-bus. The two communication
lines are a serial data line (SDA) and a serial clock line (SCL). Both lines must be
connected to a positive supply via a pull-up resistor when connected to the output stages
of a device. Data transfer may be initiated only when the bus is not busy.

Write commands

Data is transmitted to the PCAL6416A by sending the device address and setting the
Least Significant Bit (LSB) to a logic 0 (see Figure 10 for device address). The command
byte is sent after the address and determines which register receives the data that follows
the command byte.

Twenty-two registers within the PCAL6416A are configured to operate as eleven register
pairs. The eleven pairs are input port, output port, polarity inversion, configuration, output
drive strength (two 16-bit registers), input latch, pull-up/pull-down enable,
pull-up/pull-down selection, interrupt mask, and interrupt status registers. After sending
data to one register, the next data byte is sent to the other register in the pair (see

Figure 13 and Figure 14). For example, if the first byte is sent to Output Port 1 (register 3),
the next byte is stored in Output Port O (register 2).

There is no limit on the number of data bytes sent in one write transmission. In this way,
the host can continuously update a register pair independently of the other registers.
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SCL eee
STOP
command byte data to port 0 data to port 1 condition
1 1 1 1 1 IAD 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SDAfS|0 1 0 0 0 0 pg|O0OJAJO O O O O O 1 O|A|O7 DATA 0 0.0 A |17 DATA 1 10| A|P
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
+
START condition R/W | acknowledge acknowledge acknowledge acknowledge
from slave from slave from slave from slave
write to port !'\
tV(Q) 4>‘ f—
data out from port 0 DATA 0 VALID

tV(Q) — e

data out from port 1

DATA 1 VALID

Fig 13. Write to Output port register

002aaf556

STOP

slave address command byte data to register data to register condition

L TAD L DL L T LI T T T T T 1 T
SDA|S|O0O 1 0 0 0 O DR A]JO 10 0 0 1/0 1/0 1/0 1/0] A DATA O A DATA 1 AP
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
MSB LSB MSB LSB
START condition R/W | acknowledge acknowledge acknowledge acknowledge
from slave from slave from slave from slave
002aag972

Fig 14. Write to device registers
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8.2 Read commands

To read data from the PCAL6416A, the bus master must first send the PCAL6416A
address with the least significant bit set to a logic 0 (see Figure 10 for device address).
The command byte is sent after the address and determines which register is to be
accessed.

After a restart, the device address is sent again, but this time the least significant bit is set
to a logic 1. Data from the register defined by the command byte is sent by the
PCALG6416A (see Figure 15 and Figure 18). Data is clocked into the register on the rising
edge of the ACK clock pulse. After the first byte is read, additional bytes may be read, but
the data now reflects the information in the other register in the pair. For example, if

Input Port 1 is read, the next byte read is Input Port 0.There is no limit on the number of
data bytes received in one read transmission, but on the final byte received the bus
master must not acknowledge the data.

After a subsequent restart, the command byte contains the value of the next register to be
read in the pair. For example, if Input Port 1 was read last before the restart, the register
that is read after the restart is the Input Port 0.

slave address command byte

1 1 1 1 1 IAD 1 1 1 1 1 1 1
SDA|S|0 1 0 0 0 0 o|lAalo 10 o o 1/0 1010 1/0[ A | (cont)
1 1 1 1 1 1 1 1 1 1

\ \ \DR cee
! ki t
START condition R/W acknowledge
acknowledge from slave
from slave
data from lower or data from upper or
upper byte of register lower byte of register
slave address
MSB LSB MSB LSB
t T T T T 1. T 1T T T T T 1 T 1T T T T T 1
(cont)lslo 1 0 0 0 o 11A DATA (first byte) Afsee DATA (last byte) NA|P
e L1 4 4 3 DR [ T N Y A | [ T N TR R T |
4 4
(repeated) R/W acknowledge no acknowledge ~ STOP
START condition acknowledge from master from master  condition
from slave . . f
L— at this moment master-transmitter becomes master-receiver

nd slave-receiver m lave-transmitter
and slave-receiver becomes slave-transmittel 0022ah046

Fig 15. Read from device registers
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data into port 0

data into port 1

T I R SR I
sc VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA
¢ 1 x 10.x 1.x STOP condltlo:
AD 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SDA|S|Oofj1]0]O 0lpr| 1|A 2 1 0|A 4 3 2 1 0|A|l7 6 5 4 3 2 1 0]A 4 3 2 1 0[1]P
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
START condition acknowledge acknowledge acknowledge acknowledge non acknowledge
from slave from master from master from master from master
read from port 0
read from port 1
002aah143

Remark: Transfer of data can be stopped at any moment by a STOP condition. When this occurs, data present at the latest acknowledge phase is valid (output mode).
It is assumed that the command byte has previously been set to ‘00’ (read input port register).

This figure eliminates the command byte transfers and a restart between the initial slave address call and actual data transfer from P port (see Figure 15).

Fig 16. Read input port register (non-latched), scenario 1
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data into port 0 DATAOO ) DATA 01 X DATA 02 X DATA 03
- o tup) > -
data into port 1 DATA 10 X DATA 11 X DATA 12
- thp) tsu(D) —»

—

I

iNT [ [ [
tyNT) — L - Ltrst(n\lT)
R VATV AN AV AV AV AV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAR
slave address 1 10.x 11.x 10.x 11.x STOP COndItIO:
AD 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SDA|S|O0]1]0]0]O0]O DR1 A DATA 00 A DATA 10 A DATA 03 A DATA 12 11P
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

START condition acknowledge

from slave

read from port 0

acknowledge
from master

acknowledge
from master

acknowledge
from master

non acknowledge
from master

read from port 1

002aah144

Remark: Transfer of data can be stopped at any moment by a STOP condition. When this occurs, data present at the latest acknowledge phase is valid (output mode).
It is assumed that the command byte has previously been set to ‘00’ (read input port register).

This figure eliminates the command byte transfers and a restart between the initial slave address call and actual data transfer from P port (see Figure 15).

Fig 17. Read input port register (non-latched), scenario 2
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data into port 0 DATA 01 X DATA 02 X DATA 01
tup) >
data into port 1 DATA 10 X DATA 11 X DATA 10
-t

INT

tyNT) —

[
T

SCL  [1)J2) J3)\ [4) /5\ /6)\ /7 J8\ /9

L trst(INT)

VAVAVAVAVAVAVAVAYA

VAVAVAVAVAVAVAVAVA

VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAR

RIW .
slave address ¢ 10.x 11.x 10.x 11.x STOP COndItIO:
D T T T T T T 1 T T T T T T 1 T T T T T T 1 T T T T 1
SDA|S|oj1]0]JojoO}oO DR 11A DATA 01 A DATA 10 A DATA 02 A DATA 11 11P
I T TR B B IR T T N | 1111 1111
START condition acknowledge acknowledge acknowledge acknowledge non acknowledge
from slave from master from master from master from master

read from port 0

read from port 1

002aah054

Remark: Transfer of data can be stopped at any moment by a STOP condition. When this occurs, data present at the latest acknowledge phase is valid (output mode).
It is assumed that the command byte has previously been set to ‘00’ (read input port register).

This figure eliminates the command byte transfers and a restart between the initial slave address call and actual data transfer from P port (see Figure 15).

Fig 18. Read input port register (latch enabled), scenario 3
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9. Application design-in information

VbD(12C-bus) = 1.8 V

VbD(i2C-bus)  VDD(P)

ALARM()

Fig 19. Typical application

Vbp

10kQ| | 10 kQ[I] 10 kQ[I] 10 kQ[I]
MASTER

CONTROLLER
SCL

SDA
INT
RESET

GND

VbD(12c-bus)  VDD(P)
P0O_0O

PO_1

SCL

SDA pPCAL6416A

INT
RESET

PO_2
PO_3
PO_4
PO_5
PO_6
PO_7
P10
P11
P12

P1_3
ADDR

P14
P15
P16
P17

GND

SUBSYSTEM 1
(e.g., alarm system)

enable

Al

controlled
\} switch

BL

Device address configured as 0100 000x for this example.

P0_0 and PQ_2 through P1_0 are configured as inputs.
PO_1 and P1_1 through P1_7 are configured as outputs.

External resistors are required for inputs (on P port) that may float. Also, internal pull-up or pull-down may be used to eliminate
the need for external components. If a driver to an input will never let the input float, a resistor is not needed. If an output in the
P port is configured as a push-pull output there is no need for external pull-up resistors. If an output in the P port is configured

as an open-drain output, external pull-up resistors are required.

KEYPAD

002aaf965

PCAL6416A

9.1 Minimizing Ipp when the I/Os are used to control LEDs

When the I/Os are used to control LEDs, they are normally connected to Vpp through a
resistor as shown in Figure 19. Since the LED acts as a diode, when the LED is off the I1/0O
V) is about 1.2 V less than Vppp). The supply current, Ipp(p), increases as V| becomes

lower than VDD(P)-

Designs needing to minimize current consumption, such as battery power applications,
should consider maintaining the I/O pins greater than or equal to Vpp when the LED is off.
Figure 20 shows a high value resistor in parallel with the LED. Figure 21 shows Vpp(p)
less than the LED supply voltage by at least 1.2 V. Both of these methods maintain the 1/0
V| at or above Vpp(p) and prevents additional supply current consumption when the LED is

off.

All information provided in this document is subject to legal disclaimers.

© NXP Semiconductors N.V. 2017. All rights reserved.

Product data sheet

Rev. 6.2 — 7 April 2017

24 of 63



NXP Semiconductors PCA L641 6A

Low-voltage translating 16-bit I2C-bus/SMBus 1/0O expander

VoD 33V 5V
Vop(p) ¢ LED [] 100 kQ Vop(p) ¢ LED
Pn ¢ Pn
002aah278 002aah279
Fig 20. High value resistor in parallel with | Fig 21. Device supplied by a lower voltage
the LED

9.2 Output drive strength control

The Output drive strength registers allow the user to control the output drive level of the
GPIO. Each GPIO can be configured independently to one of the four possible output
current levels. By programming these bits the user is changing the number of transistor
pairs or ‘fingers’ that drive the 1/O pad.

Figure 22 shows a simplified output stage. The behavior of the pad is affected by the

Configuration register, the output port data, and the current control register. When the
Current Control register bits are programmed to 10b, then only two of the fingers are

active, reducing the current drive capability by 50 %.

Current Control
register

Fig 22. Simplified output stage
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