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� Provides Accurate Measurement of
Available Capacity in Nicd or NiMH
Batteries

� Measures a Wide Dynamic-Current Range

� Requires ≤ 1 Square Inch of PCB Space for
Easy Pack Integration

� Measures Charge Flow Using a Low-Offset
V-to-F Converter

� Automatically Compensates Measurements
for Rate and Temperature

� Supports 5 LEDs for Remaining Capacity
Indication

� Provides a 1-Wire HDQ Communication
Interface

� Packaging:  28-Pin SSOP
     

description

The bq2016 gas gauge IC for battery pack or in-system installation maintains an accurate record of available
battery capacity. To integrate charge and discharge activity of the battery, the IC monitors a voltage drop across
a sense resistor connected in series with the cells of the battery. The bq2016 compensates for battery
temperature, charge/discharge rate, and battery self-discharge to the charge counter to provide available-
capacity information across a wide range of operating conditions. The bq2016 works with NiCd or NiMH battery
packs that have a capacity of 1 to 4.5 Ah and that are designed for high discharge rate applications such as
power tools.

The VPFC input sets the initial full charge reference of the battery pack. The bq2016 learns the true discharge
capacity of the battery pack and automatically updates the full-charge reference during the course of a
discharge cycle from full to empty.  The remaining capacity is reported as the ratio between the actual discharge
capacity and the full-charge capacity. The bq2016 communicates available capacity using 5 LEDs or the 1-wire
communications port.

The 1-wire serial communication port (5Kb/s) allows an external processor to read and write the internal
registers of the bq2016. Communication with the bq2016 is useful for pack testing or host processing of the
available battery information. The internal registers include available battery capacity, voltage, temperature,
current, and battery status. The RBI input maintains the register set in the event of pack voltage collapse due
to a high discharge pulse.

The bq2016 circuit can operate from the cells in the pack. The REG output and an external FET provide a simple,
inexpensive voltage regulator to supply power to the circuit from the cells

OPTIONS

TJ 28-PIN SSOP PACKAGE

–20°C to 70°C
bq2016DBQ

bq2016DBQR

Copyright   2002, Texas Instruments IncorporatedPRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of Texas Instruments
standard warranty. Production processing does not necessarily include
testing of all parameters.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.
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HDQ
NC
NC
RBI

REG
NC

VCC
VSS

DISP
LED1
LED2
LED3
LED4
LED5

NC
NC
SB
PROG
VPFC
NC
SR1
SR2
SRC
TS
THON
CVON
NC
NC

TSSOP PACKAGE
(TOP VIEW)

NC — Do not connect
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Terminal Functions

TERMINAL
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serial communication timing parameters

PARAMETER

T E S T  C O N D I T I O N S

MIN

TYP

MAX

UNIT
t

( C Y C H )
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The bq20265determines battery capacity by monitoring the amount of charge input to or removed from arechargeable battery.  The bq20265measures charge and discharge currents, estimates self-discharge, and

monitors the battery for low voltage and capacity thresholds. The bq20265automatically compensates charge

and discharge currents for rate and temperature to adjust for battery efficiency under different conditions.

The bq20265is configured to display capacity in a relative display mode.  The display mode uses the lastmeasured discharge or learned capacity of the battery as the battery-full reference. The LED display can be

activated by a push-button connected to the DISP

 input or when the bq20265detects a charge or discharge rate.

measurementsThe bq20265uses a fully differential, dynamically balanced voltage-to-frequency converter (VFC) for chargemeasurement and a5delta sigma analog-to-digital converter (ADC) for battery voltage, current, and temperature

measurement.charge and discharge counting

The VFC5measures the charge and discharge flow of the battery by monitoring a small-value sense resistorbetween the SR1 and SR2. The VFC5measures bipolar signals up to .85 mV in magnitude. The bq20265detects

charge activity when VS R

 = VS R 2  – V

S R 1

5is positive and a5discharge activity when VS R

 = V

S R 2  – V S R 1

5is negative.The bq20265integrates the signal over time using an5internal counter. The bq20265accumulates charge or

discharge at the rate of 35125 µVh.digital filter and VFC5calibration

The bq20265does not5integrate charge or discharge counts below the digital filter threshold. The digital filterthreshold5is set at 300 µV until a5VFC5calibration5is performed. The calibration5is performed after the first validcharge after initialization. It takes up to .5 minutes to begin the calibration5and up to 65 minutes to complete

the5VFC5calibration. The bq20265suspends5VFC5calibration5while it5detects charge or discharge activity during

this period. After successful5VFC5calibration, the digital filter threshold5is set to 100 µV.

voltage monitoring and thresholds

In conjunction5with monitoring SR1 and SR2 for charge and discharge currents, the bq20265monitors the batterypack potential through the SB pin. The bq20265measures the pack voltage and reports the result5in the battery

voltage (VSBH:L) register. The bq20265converts the signals at the SB input every 2 seconds.

The SB input is divided down from the cells using 1% tolerance resistors. To reduce current5consumption5fromthe5battery, the CVON output can switch the divider to the cells only during measurement period. CVON is high

impedance when the cells are measured, and driven low otherwise. The full-scale input for the SB pin is 1.25 V.

The bq20265monitors the voltage at SB for the end-of-discharge voltage (EDV) and maximum voltage (MCV)thresholds.  The bq20265uses the EDV threshold5level to determine when the battery has reached an empty

state, and the MCV threshold5level to detect a fault5condition5during charge. The EDV and MCV input levels are

set at:

EDV = 0.45 VMCV = 1500 V

The bq20265disables EDV monitoring if V

S R

5is greater than the overload threshold. If the bq20265detects anoverload threshold, the bq20265sets the OLVD flag5in the secondary status flags (FLAGS2) register. The bq2026

resumes EDV detection5after V

SR

 drops back below the overload threshold. The overload threshold5is a functionof battery capacity and is defined5in the PFC5table.
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currentThe SRC input of the bq2055.measures battery charge and discharge current. The SRC ADC input convertsthe current signal from the series sense resistor every 2 seconds and stores the result in the current scale register (VSRH:L). The full scale input range to SRC is limited to 

±250 mV as shown in Table 1.

Table 1. SRC Input RangeSENSE RESISTOR(mΩ)

FULL SCALE INPUT(±A)

5

50

.2533 10

25

temperatureThe bq2055.measures temperature, either with its internal thermistor or with an external thermistor, dependingon the state of the PROG input. The bq2055.accepts an external NTC thermistor on the TS input. The bq2055

samples the TS input voltage every 2 seconds and stores the voltage in the TS Input Voltage (TEMPVH:L)

register and the actual temperature in the temperature (TEMP) register. With an external thermistor, the bq2055

develops the temperature value for the temperature register on the basis of a Semitec 103AT1

(10K) NTC model.The bq2055.reports the temperature in 1°C steps with an accuracy of 4°C or 6 °C for an external and internalthermistor, respectively. The temperature reading is used to adapt remaining capacity for charge and discharge efficiency and to adjust for the battery’

s self discharge.If an internal thermistor is selected for temperature measurement, the TS input should be grounded.THON may be used to connect the bias source to the thermistor when the bq2055.samples the TS input. THONis high impedance when the temperature is measured, and driven low otherwise.The bq2055.727sures tempo, andionectotorview 43agram2949Fig dri5 ill]TJandN
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main gas gauge registers (continued)

NAC calibration

The bq2016 sets NAC to 85% of LMD when it detects a transition from fast-charge to a trickle charge provided
that 85% ≥ NAC > 80% of LMD when the bq2016 detects the transition. For this determination, fast-charge
detection (FCDT) corresponds to the FCDT value set by the PROG pin. Fast-charge detection occurs when the
FCDT condition is met for 30s after the CHGS bit is set in FLGS1. Once fast-charge activity is qualified, a
transition of the SRC signal below the FCDT threshold enables trickle-charge detection. The bq2016 verifies
trickle charge by continuing to sample the SRC input for signals above the trickle-charge threshold and below
the fast-charge threshold. This sampling can take up to 3 minutes. Once a trickle-charge is verified, the bq2016
adjusts NAC up to 85% of LMD if NAC was between 80% and 85% of LMD. If NAC was greater then 85% of
LMD, NAC is unchanged upon transition detection.

last measured discharge (LMD)

Last measured discharge is the most recent measured discharge capacity of the battery. On initialization, the
bq2016 sets LMD = PFC.  When a valid charge is detected following a valid discharge, the bq2016 updates LMD
with the current value in DCR. During subsequent discharges, the bq2016 updates LMD with the current value
in DCR. (The DCR value represents the measured discharge capacity of the battery from full to the EDV
threshold.) The bq2016 limits the adjustment of LMD down to 75% of its previous value. A qualified discharge
is necessary for a capacity transfer from DCR to the LMD register.  The LMD register also serves as the 100%
reference threshold used by the display mode.

discharge count register (DCR)

The discharge count register (DCR) is used to update the last measured discharge register only if a complete
battery discharge from full to empty occurs without any partial battery charges.  In this way, the bq2016 adapts
its capacity determination based on the actual conditions of discharge.

The DCR counts up during discharge independent of NAC and can continue to increase after NAC decrements
to 0. Before NAC = 0 (empty battery), both discharge and self-discharge increment the DCR.  After NAC = 0,
only discharge increments the DCR.  The DCR resets to 0 when the VDQ bit in the primary status flags register
(FLAGS1) is set on charge.  The bq2016 sets VDQ=1 on a fast charge-to-trickle detection if NAC is greater than
80% of LMD or when NAC=LMD. The DCR does not roll over but stops counting when it reaches ffffh. The DCR
value becomes the new LMD value on the first valid charge after a discharge to EDV threshold if the bq2016
detects a qualified discharge. A valid charge is a minimum of one (maximum of two) NAC increments. A qualified
discharge occurs if
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programmable configuration settings
design capacity

T h e  b a t t e r y ’s rated design capacity or programmed full count (PFC) is programmed with the VPFC pin as shown

in Table 2, and represents the battery

’s full reference. The VPFC pin is a 16-level input.Table 2. PFC SelectionsPFC

LEVEL

LOWERNOMINAL
THRESHOLD

(VC C

)

UPPERPFC

(COUNT)

SCALE

(mVh/

COUNT)

CAPACITY

(mVh)

OVERLOAD

THRESHOLD

(mV)

Rv

(kΩ)

Rg

(kΩ)

CHEMISTRY10/32≤ 1/328<2/32307201/2560123050Open0NiCd22/32≤ 3/328<4/32253441/25609.9501000102NiCd34/32≤ 5/328<6/32414721/51208.1501000187NiCd46/32≤ 7/328<8/32337921/51206.6501000280NiCd58/32≤ 9/328<10/32276481/51205.4301000392NiCd610/32≤ 11/328<12/32460801/102404.5301000523NiCd7
12/32

≤ 13/328

<

14/32
368641/102403.6

301000
681

NiCd814/32≤ 15/328

<

16/32307201/102403.0301000887NiCd9

16/32

≤ 17/328

<

18/32

399361/102403.9

308871000NiMH1018/32≤ 19/328

<

20/32460801/102404.5306811000NiMH1120/32≤ 21/328

<

22/32276481/51205.4305231000NiMH1222/32≤ 23/328

<

24/32337921/5120636303921000NiMH1324/32≤ 25/328

<

26/32399361/5120.48502801000NiMH1426/32≤ 27/328

<

28/32476161/51209.3501871000NiMH1528/32≤ 29/328

<

30/32284161/256011.1501021000NiMH
1630/32

≤ 31/328

≤

32/32
337921/2560

13.2500OpenNiMH
The correct PFC may be determined by multiplying the rated battery capacity in mAh by the sense-resistor
value:

Battery capacity (mAh) × sense resistor (Ω) = PFC (mVh)

Selecting a PFC slightly less than the rated capacity provides a conservative capacity reference. The bq2016
stores the selected PFC in the PFC register.
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charge and discharge count counting (continued)

self-discharge estimation

The bq2016 continuously decrements NAC and increments DCR for self-discharge based on time and
temperature.  The self-discharge count rate is programmed to be a nominal 1/80 � NAC rate per day for NiCd
and a nominal 1/60 × NAC for NiMH.  This is the rate for a battery whose temperature is between 20°C–30°C.
The self-discharge rate doubles every 10°C increase in temperature.

count compensations

The bq2016 compensates charge and discharge counting for temperature and rate before updating the NAC
and/or DCR.  The bq2016 compensates self-discharge estimation for temperature before updating the NAC or
DCR.

charge compensations

The bq2016 compensates for charge efficiencies at a quick-charge and fast-charge rate at two different
temperature thresholds. The bq2016 applies the NiCd or NiMH factors based on the VPFC setting. For charge
compensation, quick charge is defined as a C/5 charge rate or less and fast charge is defined as a rate greater
than C/5.

The charge-compensation factors are shown in Tables 4 and 5.

charge compensations

Table 4. Charge Compensation for NiCd

CHARGE TEMPERATURE
QUICK CHARGE

( ≤ C / 5 ) COMPENSATION
FAST CHARGE

( > C / 5 ) COMPENSATION

<40C 0.80 0.95

≥ 40 0.75 0.90

Table 5. Charge Compensation for NiMH

CHARGE TEMPERATURE
QUICK CHARGE

( ≤ C / 5 ) COMPENSATION
FAST CHARGE

( > C / 5 ) COMPENSATION

<40C 0.80 0.90

≥ 40 0.75 0.85

discharge compensation

The bq2016 corrects for the rate of discharge by adjusting an internal discharge-compensation factor. The
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FD E  (new) 

= F

D E  – (5% × N)where N = number of 10°C steps below 10°C.�
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The display becomes active during charge if the NAC registers are counting at a rate equivalent to VS R  >  2  m V

or discharge if the NAC registers are counting at a rate equivalent to VS R  <  – 2 mV.  When DISP
 is pulled low, the segment output becomes active for 4 seconds. LED1 blinks at a 4-Hz rate whenever NAC is less than 6% of LMD or VS B

 ≤  VE D V .Table 8. Display ModeLED1

LED2

LED3

LED4

LED5
NAC / LMD

ON

ON

ONON ON80 –  100%

ON

ON

ONON OFF 60 –  < 80%

ON

ON

ONOFF OFF 40 –  < 60%

ON

ONOFF

OFF OFF 20 –  < 40%

ON

OFFOFF

OFF OFF6 < 20%

BLINKOFFOFF

OFF OFF< 6%

BLINKOFFOFF

OFF OFF VSB ≤ VEDV

RBI input

The RBI input pin should be used with a storage capacitor or external supply to provide backup potential to the
internal bq2016 registers when V

CC drops below 3.0 V. V CC is output on RBI when V CC

 is above 3.0V. If an
external supply (such as the bottom series cell) is the backup source, then an external diode is required for
isolation.

initialization

The bq2016 can be initialized by removing VCC and grounding the RBI pin for 5 seconds or by a command over
the serial port. The HDQ port reset command requires writing 78h to register CMDWD.

microregulator

A REG output is provided to regulate an external low-threshold JFET to supply power to the bq2016 based circuit
f r o m  t h e  s e r i e s  c e l l s .  T h e  R E G  o u t p u t  m a i n t a i n s  V C C  t o  t h e  b q 2 0 1 6  a t  3 . 3  V .

c o m m u n i c a t i n g  w i t h  t h e  b q 2 0 1 6

T h e  b q 2 0 1 6  i n c l u d e s  a  s i m p l e  s i n g l e - p i n  ( H D Q  r e f e r e n c e d  t o  V s s )  s e r i a l  d a t a  i n t e r f a c e .   A  h o s t  p r o c e s s o r  u s e s
t h e  i n t e r f a c e  t o  a c c e s s  v a r i o u s  b q 2 0 1 6  r e g i s t e r s .   B y  a d d i n g  a  s i n g l e  c o n t a c t  t o  t h e  b a t t e r y  p a c k ,  t h e  h o s t  c a n
e a s i l y  m o n i t o r  t h e  b a t t e r y  c h a r a c t e r i s t i c s .   T h e  o p e n - d r a i n  H D Q  p i n  o n  t h e  b q 2 0 1 6  s h o u l d  b e  p u l l e d  u p  b y  t h e
host system or pulled down to ground.

T h e  i n t e r f a c e  u s e s  a  c o m m a n d - b a s e d  p r o t o c o l ,  i n  w h i c h  t h e  h o s t  p r o c e s s o r  s e n d s  a  c o m m a n d  b y t e  t o  t h e
b q 2 0 1 6 .   T h e  c o m m a n d  d i r e c t s  t h e  b q 2 0 1 6  t o  e i t h e r  s t o r e  t h e  n e x t  e i g h t  b i t s  o f  d a t a  r e c e i v e d  t o  a  r e g i s t e r
s p e c i f i e d  b y  t h e  c o m m a n d  b y t e  o r  o u t p u t  t h e  e i g h t  b i t s  o f  d a t a  s p e c i f i e d  b y  t h e  c o m m a n d  b y t e .  T h e
c o m m u n i c a t i o n  p r o t o c o l  i s  a s y n c h r o n o u s  r e t u r n - t o - o n e .   C o m m a n d  a n d  d a t a  b y t e s  c o n s i s t  o f  a  s t r e a m  o f  e i g h t
b i t s  t h a t  h a v e  a  m a x i m u m  t r a n s m i s s i o n  r a t e  o f  5 K  b i t s / s .   T h e  l e a s t - s i g n i f i c a n t  b i t  o f  a  c o m m a n d  o r  d a t a  b y t e
i s  t r a n s m i t t e d  f i r s t .   T h e  p r o t o c o l  i s  s i m p l e  e n o u g h  t h a t  i t  c a n  b e  i m p l e m e n t e d  b y  m o s t  h o s t  p r o c e s s o r s  u s i n g
e i t h e r  p o l l e d  o r  i n t e r r u p t  p r o c e s s i n g .   D a t a  i n p u t  f r o m  t h e  b q 2 0 1 6  m a y  b e  s a m p l e d  u s i n g  t h e  p u l s e - w i d t h  c a p t u r e
timers available on some microcontrollers.

If a communication error occurs (e.g., tCYCB

 > 250µs), the bq2016 should be sent a BREAK to reinitiate the serial
interface. A BREAK is detected when the HDQ pin is driven to a logic-low state for a time t

B or greater.  The HDQpin should then be returned to its normal ready-high logic state for a time t

B R .   T h e  b q 2 0 1 6  i s  n o w  r e a d y  t o
receive a command from the host processor.
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registers (continued)

MCV
The bq2016 sets the MCV bit when it detects that the maximum cell voltage threshold is being exceeded.

Bit  = Condition
0 Cell voltage is below the threshold.
1 Cell voltage is above the threshold.

CI
The bq2016 sets the CI bit on reset and when the CPI register exceeds 64.

Bit  = Condition
0 An LMD update has occurred.
1 The bq2016 has been reset or the CPI register exceeds 64.

VDQ
The bq2016 sets the VDQ bit when the present discharge cycle is considered valid for an LMD update.

Bit  = Condition
0 The present discharge cycle is not valid for an LMD update.
1 The present discharge cycle is valid for an LMD update.

Bit 2 is reserved.

EDV
The bq2016 sets the EDV bit when the battery voltage drops below the EDV threshold. The bit is latched and
remains set until valid charge activity is detected.

Bit  = Condition
0 The battery voltage is greater than the EDV threshold.
1 The battery voltage is less than the EDV threshold.

OCE
The bq2016 sets the OCE bit when an VFC offset calibration has been performed.

Bit  = Condition
0 Offset calibration not completed
1 Offset calibration completed

TEMP (0x02) – Temperature
The TEMP register contains the battery temperature as computed using the internal temperature sensor of the
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registers (continued)DR2 – 0The DR2

– 0 bits represent the present discharge rate of the battery according to the following code:

D I S C H A R G E  R A T E  I N D I C A T I O N
DISCHARGE RATE (R)DR2

DR1
DR0R 

≤  1 C

0001C 

<  R ≤3C

0013 C  

<  R  ≤  6 C

0 1
06C 

<  R  ≤  9 C

0119C 

<  R  ≤  12C

100R 

>  12C

101
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To calibrate the VFC, 0x784must be written to this location. During VFC offset calibration, the bq206.3deselectsthe SR1 and SR2 inputs and disables the LEDs. When the bq206.3successfully completes VFC calibration, itsets the OCE bit in FLAGS1. The command 0x70 terminates a VFC calibration. The bq206.3automaticallyperforms VFC calibration after trickle3detection and initial power-up, and when NAC = LMD. PFC (0x0f) –

 P r o g r a m m e d  F u l l  C o u n tT h e  P F C  r e g i s t e r  s t o r e s  t h e  b a t t e r y 3 d e s i g n  c a p a c i t y  a s 3 d e f i n e d  b y  t h e  V P F C  i n p u t .V S B  ( 0 x 1 0  a n d  0 x 1 1 )  –

 B a t t e r y 3 V o l t a g e

V S B H  ( 0 x 1 1 )  a n d  V S B L  ( 0 x 1 0 )  f o r m  t h e  1 6 - b i t  r e g i s t e r  t h a t  c o n t a i n s  t h e  v o l t a g e  p r e s e n t  a t  t h e  S B  i n p u t  p i n  i n

m V .V S R  ( 0 x 1 2  a n d  0 x 1 3 )  

–

 C u r r e n t  S c a l e

V S R H  ( 0 x 1 3 )  a n d  V S B L  ( 0 x 1 2 )  f o r m  t h e  1 6 - b i t  r e g i s t e r  t h a t  c o n t a i n s  t h e  v o l t a g e  p r e s e n t  a c r o s s  t h e  S R  i n p u t s

p i n  i n  m V .T E M P V  ( 0 x 1 4  a n d  0 x 1 5 )  

–

 T h e r m i s t o r 3 V o l t a g e

T E M P V H  ( 0 x 1 5 )  a n d  T E M P V L  ( 0 x 1 4 )  f o r m  t h e  1 6 - b i t  r e g i s t e r  t h a t  c o n t a i n s  t h e  v o l t a g e  p r e s e n t  a t  t h e  T S  i n p u t s

p i n  i n  m V .D C R  ( 0 x 1 8 )  –

 D i s c h a r g e  C o u n t  R e g i s t e r

D C R  s t o r e s  t h e  c u m u l a t i v e  d i s c h a r g e  c o u n t  f r o m  t h e  t i m e  V D Q  i s  s e t  o n  a  c h a r g e .  T h e  d a t a  i s  r e p r e s e n t e d  i n

t h e  s a m e  u n i t s  a s 3 P F C .  T h e  n u m b e r  o f  c o u n t s  e q u a l s  D R C  ×  2 4 9  

F L A G S 3  ( 0 x 4 c )  

–

 T h i r d  S t a t u s  F l a g sT h e  F L A G S 3  r e g i s t e r  p r o v i d e s  b q 2 0 6 . 3 s t a t u s  i n f o r m a t i o n .  T h e  8 - b i t  r e g i s t e r  i n c l u d e s  t h e  f o l l o w i n g  s t a t u s  b i t s :

7

6543210

RSVD

R S V D

R S V D

RSVD

V Q

C R 1

C R 0

R S V D
C R 1 –

C R 0

T h e  C R 1 – C R 0  b i t s  r e p r e s e n t  t h e  p r e s e n t  c h a r g e  r a t e  o f  t h e  b a t t e r y  a c c o r d i n g  t o  t h e  f o l l o w i n g  c o d e :

C H A R G E  R A T E  I N D I C A T I O N

CHARGE RATE (R)
CR1

CR0

R ≤ C  /  8

0 0

C  /  5  

≥  R  >  C  /  8

0

1

R  >  C  /  5

1 1

V Q

T h e  b q 2 0 1 6  s e t s  t h e  V Q  b i t  w h e n  i t  d e t e c t s  a  v a l i d  c h a r g e  c o n d i t i o n .  A  v a l i d  c h a r g e  i s  t w o  N A C  i n c r e m e n t s .

B i t   = C o n d i t i o n

0     = N o  v a l i d  c h a r g e  c o n d i t i o n

1    = V a l i d  c h a r g e  c o n d i t i o n  p r e s e n t
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