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TECHNOLOGY

FEATURES

High Power Factor Over Wide Load Range
with Line Current Averaging

International Operation Without Switches
Instantaneous Overvoltage Protection
Minimal Line Current Dead Zone

Typical 250pA Startup Supply Current
Rejects Line Switching Noise
Synchronization Capability

Low Quiescent Current: 9mA

Fast 1.5A Peak Current Gate Driver

APPLICATIONS

Universal Power Factor Corrected Power Supplies
Preregulators Up To 1500W

Power Factor Controller

DESCRIPTION

The LT®1248 provides active power factor correction for
universal off-line power systems. By using fixed high
frequency PWM current averaging, without the need for
slope compensation, the LT1248 achieves far lower line
current distortion with a smaller magnetic element than
systems that use either peak-current detection or zero
current switching approaches in both continuous and
discontinuous modes of operation.

The LT1248 uses a multiplier that has a square gain
function from the voltage amplifier to reduce the AC gain
at light output load and thus maintains low line current
distortion and high system stability. The LT1248 also
provides filtering capability to reject line switching noise
which can cause instability when fed into the multiplier.
Line current dead zone is minimized with low bias voltage
at the current input to the multiplier.

The LT1248 provides many protection features including
peak current limiting and overvoltage protection, and can
be operated at frequencies as high as 300kHz.

ALY, LTC and LT are registered trademarks of Linear Technology Corporation.
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ABSOLUTE MAXIMUM RATINGS

Supply VOIRRAQE .vvecvcececccccccccccecce e 27V
GTDR Gurrent GONtinUOUS ..........covvrvvvriine. 0.5A — OF;\I%E“?BFE%RT
GTDR Output Energy(Per CYClE) ....vveemevrvereerreernne. 5l an (1] i€] GToR
Inc, RseT, PKLiyt INDUE CUFTENt oo 20mA s % % o
Vsense, EN/SYNC, OVP Input Voltage ................... Viiax s ] o m gjllg?NN
Isense, Mout Input Current ..o +5mA vour 5] 2] Reer LT1248CS
Operating Junction Temperature Range e [5] 1] Voense LT12481S
LT1 2480 ................................................ OOC to 10000 VAQuT E E EN/SYNC
(| -40°C to 125°C ovp [8] 9] Vrer
Thermal Resistance (Junction-to-Ambient) N PACKAGE
N PaCKage .......cccoevrviirereereceeece e, 100°C/W 16-LEAD PLASTIC DIP
S PACKAGE ......ooovvveeeeceee 120°C/W 16.LEAD NARROW PLASTIC SOIC
Storage Temperature Range ................. -65°C to 150°C o 125°C, s - 100°CW (1)
Lead Temperature (Soldering, 10 SecC)................. 300°C Tawax = 125°C, By = 120°C/W (5)

PACKAGE/ORDER INFORMATION

Consult factory for Military grade parts.

€LECTRICAL CHARACTERISTICS

Maximum operating voltage (Viax) = 25V, V¢ = 18V, Rger = 15k to GND, Cger = 1nF to GND, Ipc = 100pA, Isense = 0V, CAgyt = 3.5V,
VAgyt =5V, OVP = 7.5V, no load on any outputs, unless otherwise noted.

PARAMETER | CONDITIONS | MIN TYP MAX UNITS
Overall
Supply Current (Vg in Undervoltage Lockout) V¢ = Lockout Voltage - 0.2V o 0.25 0.45 mA
Supply Current (Inactive) EN/SYNC = 0V, Ve < Viax o 0.5 1.5 mA
Supply Current, On 11.5V < Ve < Vax o 8.5 12.0 mA
Ve Turn-On Threshold (Undervoltage Lockout) o 15.5 16.5 17.5 v
V¢ Turn-Off Threshold . 9.5 10.5 11.5 V
EN/SYNC Threshold, Rising . 2.2 2.6 2.85 v
EN/SYNC Threshold Hysteresis 0.40 V
EN/SYNC Input Current EN/SYNC = 0V . -5 -1 5 PA
3V <EN/SYNC <7V -50 -25 50 PA
Voltage Amplifier
Voltage Amp Offset Voltage VAgyur = 3.5V o -8 8 mV
Input Bias Current Vsense = 0V to 7V o -25 -250 nA
Voltage Gain 70 100 dB
Voltage Amp Unity-Gain Bandwidth 3 MHz
Voltage Amp Output High (Internally Clamped) o 11.3 13.3 V
Voltage Amp Output Low o 1.1 2 V
Voltage Amp Short-Gircuit Current VAgut =0V o 5 14 30 mA
SS Current SS=25V . 5 12 30 pA
Current Amplifier
Current Amp Offset Voltage o +1 +4 mV
Isense Bias Current . -25 -250 nA
Current Amp Voltage Gain 80 110 dB
Current Amp Unity-Gain Bandwidth 3 MHz
Current Amp Output High o 7.2 8.5 V
Current Amp Output Low o 1.1 2 V




LT1248

E€LECTRICAL CHARACTERISTICS

Maximum operating voltage (Vyax) = 25V, V¢ = 18V, Rger = 15k to GND, Cger = 1nF to GND, Ipc = 100pA, Isense = 0V, CAgyt = 3.5V,
VAgyr =5V, OVP =7.5V. No load on any outputs, unless otherwise noted.

PARAMETER | CONDITIONS MIN TYP MAX UNITS
Current Amplifier
Current Amp Short-Circuit Current CAgur =0V 5 14 30 mA
Input Range, Isense, Moyt (Linear Operation) -0.3 1 V
Reference
Reference Output Voltage Irer = OmA, Tp = 25°C 7.39 7.50 7.60 v
VRer Load Regulation —-5mA < Iggr < OmA 5 mV
VRer Line Regulation 11.5V < Vo < Vax -20 5 20 mV
VRer Short-Circuit Current VRer = 0V 12 28 50 mA
VRer Worst Case Load, Line, Temperature 7.32 7.5 7.68 V
Current Limit
PKym Offset Voltage -15 15 mV
PK_m Input Current PKm=-0.1V -50 -100 pA
PKpjm to GTDR Propagation Delay PKiv Falling from 50mV to -50mV 400 ns
Multiplier
Multiplier Output Current Iac = 100pA, Rget = 15K 35 PA
Multiplier Output Current Offset Rac = 1M from Ipg to GND -0.05 -05 PA
Multiplier Maximum Qutput Current Iac = 450pA, Rger = 15k, VAqyT = 7V, Moyt = OV -286 -260 -235 PA
Multiplier Gain Constant (Note 1) 0.035 V-2
Iac Input Resistance Iac from 50pA to TmA 15 25 35 kQ
Oscillator
Oscillator Frequency Rggr = 15k, Cggr = 1000pF 85 100 115 kHz
Rsgr = 15Kk, Cggr = 1500pF 58 68 78 kHz
Cser Ramp Peak-to-Peak Amplitude 4.35 47 5.0 V
Cset Ramp Valley Voltage 1.25 1.4 1.55 V
Synchronization Pulse Threshold on EN/SYNC Pin | Pulse Low = 3.5V, High = 7V, Width > 200ns 4.5 5.6 6.5 Vv
Synchronization Frequency Range Rggt = 15K, Cger = 1000pF 1.2 16 fNOM
Overvoltage Comparator
Comparator Trip Voltage Ratio (Vrip/VRer) 1.04 1.05 1.06
Hysteresis 0.35 V
OVP Bias Current OVP=7.5V -50 -250 nA
OVP Propagation Delay 100 ns
Gate Driver
Max GTDR OQutput Voltage OmA Load, 18V < Vg 12 15 17.5 V
GTDR Output High —-200mA Load, 11.5V < Vgg <15V Veg—-3.0 Vv
GTDR Qutput Low (Device Unpowered) Ve = 0V, 50mA Load (Sinking) 0.9 1.5 V
GTDR Qutput Low (Device Active) 200mA Load (Sinking) 0.5 1 V
10mA Load 0.2 0.4 Vv
Peak GTDR Current 10nF from GTDR to GND 2 A
GTDR Rise and Fall Time 1nF from GTDR to GND 25 ns
GTDR Max Duty Cycle 90 96 %

The o denotes specifications which apply over the full operating

temperature range.

|
Note 1: Multiplier Gain Constant: K = M

lac (VAgut - 2)°
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TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS
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Pin 1 (GND).

Pin 2 (PKym): The threshold of the peak current limit
comparator is GND. To set current limit, a resistor divider
can be connected from Vggr to current sense resistor.

Pin 3 (CAgyr): This is the output of the current amplifier
that senses and forces the line current to follow the
reference signal that comes from the multiplier by com-
manding the pulse width modulator. When CAgqyr is low,
the modulator has zero duty cycle.

Pin 4 (Isgnsg): This is the inverting input of the current
amplifier. This pin is clamped at —0.6V by an ESD protec-
tion diode.

Pin 5 (Mgyr): This is the multiplier high impedance
current output and the noninverting input of the current
amplifier. This pin is clamped at —0.6V and 2V.

Pin 6 (Iac): Thisisthe AC line voltage sensing input to the
multiplier. It is a current input that is biased at 2V to
minimize the crossover dead zone caused by low line
voltage. At the pin, a 25k resistor is in series with the
currentinput, sothatalowpass RC can be used to filter out
the switching noise from the high impedance lines.

Pin 7 (VAgyr): This is the output of the voltage error
amplifier. The output is clamped at 13.5V. When the
output goes below 2.5V, the multiplier output current is
Zero.

Pin 8 (OVP): This is the input to the overvoltage compara-
tor. The threshold is 1.05 times the reference voltage.
When the comparator trips, the multiplier is quickly inhib-
ited and outputs no current. Figure 4 in the Applications
Information section shows how to set overvoltage thresh-
old with only one additional resistor.

Pin 9 (Vggr): This is the 7.5V reference. When either Vg
or EN/SYNC goes low, Vg will stay at 0V. Vggr biases
most of the internal circuity and can source up to 5mA
externally.

Pin 10 (EN/SYNC): This pin has two functions. When it
goes below 2.6V, the chip goes into shutdown mode and
draws little current. Pulses at this pin that go below the 5V
threshold will synchronize the chip. The synchronizing
pulses should have an on-time of at least 200ns for the
LT1248 resetting circuit to work.

Pin 11 (Vggnsg): This is the inverting input to the voltage
amplifier.
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PIN FUNCTIONS

Pin 12 (Rsgt): A resistor from Rger to GND sets the
oscillator charging current and the maximum multiplier
output current which is used to limit the maximum line
current.

II\/I(IVIAX) = 3.79V/RgeT

Pin 13 (SS): Soft start. When either Vg or EN/SYNC goes
low, the SS pin will stay at OV. With a capacitor from the
pinto GND, the 12pA charging current slowly brings up the
SS to 8V; below 7.5V SS is the reference input to the
voltage amplifier. At supply dropout or EN/SYNC low, the
soft start capacitor will be quickly discharged.

Pin 14 (Cger): The capacitor from this pin to GND, and
Rsgt, determine oscillator frequency. The oscillator ramp
is 5V, and the frequency = 1.5/(Rggt * CsEt).

Pin 15 (Vgc): This is the supply for the chip. The LT1248
has a very fast gate driver required to fast charge high
power MOSFET gate capacitance. High current spikes
occur during charging. For good supply bypass, a 0.1uF
ceramic capacitor in parallel with a low ESR electrolytic
capacitor, 56F or higher is required in close proximity to
IC GND.

Pin 16 (GTDR): The MOSFET gate driver is a 1.5A fast
totem pole output. It is clamped at 15V, but capacitive
loads like MOSFET gates may cause overshoot. A gate
series resistor of at least 5Q will prevent the overshoot.

APPLICATIONS INFORMATION

Error Amplifier

The error amplifier has a 100dB DC gain and 3MHz unity-
gain frequency. The output is internally clamped at 13.5V.
The noninverting input is tied to the 7.5V VRgr through a
diode and can be pulled down from the SS (soft start) pin.

Current Amplifier

The current amplifier has a 110dB DC gain, 3MHz unity-
gain frequency, and a 2V/ps slew rate. It is internally
clamped at 8.5V. Note that in the current averaging opera-
tion, high gain at twice the line frequency is necessary to
minimize line current distortion. Because CAgyt may need
to swing 5V over one line cycle at high line condition,
14mV AC will be needed at the inputs of the current
amplifier for a gain of 350 at 120Hz. Especially at light load
whenthe current loop reference signalis small, lower gain
will distort the reference signal and line current. If signal
gain at switching frequency is too high, the system be-
haves more like a current mode system and can cause
subharmonic oscillation. Therefore, the current amplifier
should be compensated to have a gain of less than 15 at
the switching frequency, but more than 250 at twice the
line frequency.

Multiplier

The multiplier is a current multiplier with highnoise immu-
nity in a high power switching environment. The current
gainis: Iy = (Iac % 1ea2)/(200pA)2, with Iga = (VAquT—2V)/
25k. With a square function, because of the lower gain at
light power load, system stability is maintained and line
current distortion caused by the line frequency AC ripple

300 ‘ ‘
VAOUT - 7V7 / VAgyt =5.5V
vor=ssv2/ A
P L/
vagur=6v 2L/ | A | fvagur=5v
- 7 7
<
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— —1 —r [ | —VAgur=3V
0 VAout =2.5V
0 250 500
Iac (HA)

1248 G04

Figure 1. Multiplier Current Iy vs Ipc and VAgyr
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APPLICATIONS INFORMATION

fed back to the error amplifier is minimized. Note that
switching ripple onthe highimpedance lines could getinto
the multiplier from the Iac pin and cause instability. The
LT1248 provides an internal 25k resistor in series with the
low impedance multiplier current input so that only a
capacitor fromthe Iac pinto GND is needed to filter out the
noise. The maximum multiplier output current, which
limits the system line current, is set by the Rggy according
to the formula: lyywax) = 3.79V/Rsgr.

Oscillator Frequency and Maximum Line
Current Settling

Oscillator frequency is set by Rget and Cggr. Ramp ampli-
tude is 5V and Cggt charging current is set by VRer/RgET.
Typical discharging time for Cggt = 1nF is 250ns. Rget
should always be determined first to set the maximum
multiplier output current for system line current limit. For
a300W preregulator, with Rget = 19K, lywmax)=3.79V/15k
= 250pA. With a 4k resistor Rggr from Mgyt to the 0.2Q
line current sense resistor Rg, the line current limit is: (I
x 4k)/Rs. As a general rule, Rg is chosen according to:

R = M) X Regr X Vi
5= K1 414)Poyriuax)

where Poyr(may) is the maximum power output and K'is
usually between 1.1 and 1.3 depending on efficiency and
resistor tolerance. With Rggt selected, Cser can then be
determined by: Cggr=1.5/(Frequency x Rggt). For 100kHz,
Cser = 1.5/(100kHz x 15k) = 1nF. For optional double
protection, the LT1248 provides a current limit compara-
tor. When the comparatortrips at 0V, the GTDR pin quickly
goes low to shut off the MOS switch. A resistor divider
from VRgr to Rg (Figure 2) senses the voltage across the
line current sense resistor and the current limit is set by:
lLne =[(7.5V/R1) + 50upA](R2/Rg), where S0pA is Ipk v

R2 R1

1.6k 10k 75V

1

1

1

1

1

1

~<— IpkLIm 1

|
y C1 ' :
< Iune | TnF : i
— — 1 1

- - 1 1

C1 1S TO REJECT NOISE, CURRENT P,
LIMIT DELAY IS ABOUT 2ys.

Figure 2.

With I ye and Rg chosen, let R1 = 10k, then R2 =
(ILine % Rg)/0.8mA.

Always use Rggt to set the primary line current limit. The
PK(m comparator is only for secondary protection. The
secondary limit should be higher than the primary limit;
6.5A is good (5A for primary limit) for a 300W regulator.
When line current reaches the primary limit, Vo7 dropsto
keep the line current constant, and system stability is still
maintained by the current loop which is controlled by the
current amplifier. When line current reaches the second-
ary limit, the comparator controls the system and loop
hysteresis may occur and can cause audible noise.

Synchronization

The LT1248 can be synchronized to a frequency that is up
to 1.6 times the natural frequency. With a 200ns one-shot
timer on-chip, the LT1248 provides flexibility on the
synchronizing pulse width. Because the EN/SYNC pin also
serves the chip shutdown function, the pulses at the pin
should not go below 3V and must go below 5V with widths
greater than 200ns. The Figure 3 circuit will synchronize
the LT1248.

VRer

%30k
1N4148

T 200k
EN/SYNC MY Ve
,-L 1N4685

3.6V

Vszzz-Ei |—

Figure 3.

ﬂ SYNC PULSE
AT LEAST 200ns

1248 FO3

Overvoltage Protection

Because of the slow loop response necessary for power
factor correction, output overshoot can occur with sudden
load removal or reduction. To protect the power compo-
nents and output load, the LT1248 provides an overvolt-
age comparator which senses the output voltage and
quickly shuts off the current switch. In Figure 4, because
thereisno DC current going through R3, R1and R2 set the
regulator output DC level: Voyt = VRrer[(R1 + R2)/R2], with
R1=1M, R2 = 20k, Vg is 382V.
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APPLICATIONS INFORMATION

Note that Vsgnsg is the summing node and it stays at 7.5V.
When overshoot occurs on Voyr, the overcurrent from R1
will go through R2 as well as R3. Amplifier feedback will
keep Vsense locked at 7.5V. The equivalent AC resistance,
seen by the comparator input pin OVP, is R2 in parallel
with R3, which is 10k. Therefore, with the comparator trip
level of 1.05VRerand R3 of 20k, the comparator trips when
Vout overshoot exceeds 10%. Overvoltage trip level:

[R2 +R30

Poour =5%g=ea

Moyt is a high impedance current output. In the current
loop, offset line current is determined by multiplier offset
current and input offset voltage of the current amplifier.
A —4mV current amplifier Vgg translates into 20mA line
current and 5W input power for 250V line if 0.2Q sense
resistor is used. Under no load or when the load power is
less than this offset input power, Voyr would slowly
charge up to an overvoltage state because the overvoltage
comparator can only reduce multiplier output current to
zero. This does not guarantee zero output current if the
current amplifier has offset. To regulate Vgyt under this
condition, the amplifier M1 (see Block Diagram), becomes
active in the current loop when VAgyt goes down to 2.2V.
The M1 can put out up to 7pA to the resistor at the Isgyse
pin to cancel any current amplifier negative Vgg and keep
Vour error to within 2V.

0.047yF
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Figure 4.

Undervoltage Lockout

The LT1248 turns on when Vg is higher than 16V and
remains on until Vg falls below 10V, whereupon the chip
enters the lockout state. In the lockout state, the LT1248
only draws 250pA, the oscillator is off, and the Vggr and
the GTDR pins remain low to keep the power MOSFET off.

Start-Up and Supply Voltage

The LT1248 draws only 250pA before the chip starts at
16V on V. Totrickle start, a 90k resistor from the power
lineto Vg suppliesthetrickle currentand C4 holds the Vg
up while switching starts. Then the auxiliary winding takes
over and supplies the operating current. Note that D3 and
the large value C3, in both Figures 5 and 6, are only
necessary for systems that have sudden large load varia-
tion down to minimum load and/or very light load condi-
tions. Under these conditions, the loop may exhibit a start/
restart mode because switching remains off long enough
for C4 to discharge below 10V. The C3 will hold Vg up
until switching resumes. For less severe load variations,
D3 is replaced with a short and C3 is omitted. The turns
ratio between the primary winding and the auxiliary wind-
ing determines V¢ according to:

LINE MAIN INDUCTOR
\AANS
Np
~——~ Ng R1
90k, 1W
MV

D1 D3
—Pp} +- P —e— vcc
—L C1
2uF +| +
e C -1 C
A D2 {Jr ¢ :

4
6uF

- - - L
_— 1248 F05
Figure 5
c2 MAIN INDUCTOR
1000pF LINE
)| !
/1

= 1248F06

Figure 6.
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APPLICATIONS INFORMATION
Vout/ (Ve — 2V) = Np/Ns.
For 382V Vyr and 18V Vgg, Np/Ns = 19.

In Figure 6, a new technique for supply voltage eliminates
the need for an extra inductor winding. It uses capacitor
charge transfer to generate a constant current source
which feeds a Zener diode. Current to the Zener is equal to
(Vout =V72)(C)(f), where V7 is Zener voltage and f is
switching frequency. For Vout = 382V, V7 = 18V, C =
1000pF, and f = 100kHz, Zener current will be 36mA. This
is enough to operate the LT1248, including the FET gate
drive. Normally soft start is not needed because the
LT1248 has overcurrent limit and overvoltage protection.
If soft startis used with a 0.01uF capacitor on SS pin, Vout
ramps up slower during startup. Then C4 has to hold Vg
longer, and the circuit may not start. Increasing C4 to
100pF ensures startup, but startup time will be extended
if the same 90k trickle charge resistor is used.

Output Capacitor
The peak-to-peak 120Hz output ripple is determined by:

Vp-p = (2) (ILoap(pc)(2)
where I oap(pc): DC load current.
Z: capacitor impedance at 120Hz.

For 180uF at 300W load, I gap(pc) = 300W/385V = 0.78A,
Vpp=2x0.78Ax7.4Q =11.5V. Ifless ripple is desired,
higher capacitance should be used. The selection of the
output capacitor should also be based on the operating
ripple current through the capacitor. The ripple current
can be divided into three major components. The first is at
120Hz; it's RMS value is related to the DC load current as
follows:

l1rms = 0.71 x ILoap(De)

The second component contains the PF switching fre-
quency ripple current and its harmonics. Analysis of the
ripple is complicated because it is modulated with a 120Hz
signal. However computer numerical integration and Fou-
rier analysis approximate the RMS value reasonably close
to the bench measurements. The RMS value is about 0.82A
at a typical condition of 120VAC, 200W load. This ripple is
line-voltage dependent, and the worst case is at low line.

lowis = 0.82A at 120VAC, 200W

The third component is the switching ripple from the load,
if the load is a switching regulator.
I3rms = ILoaD(DC)

For the United Chemicon KMH 400V capacitor series,
ripple current multiplier for currentsat 100kHzis 1.43. The
equivalent 120Hz ripple current can be then found:

s =/ (11Ams)? + (I2rms/1.43) + (I3pms/1.43)

For a typical system that runs at an average load of 200W
and 385V output:

ILoap(nc) = 0.52A
l1pms = 0.71 x 0.52A = 0.37A

loais = 0.82A at 120VAC

I3rms = ILoap(pc) = 0.52A
lris =+/(0.37A)2+(0.82A/1.43)2+(0.52A/1 43)% = 0.77A

The 120Hz ripple current rating at 105°C ambient is 0.95A
forthe 180uF KMH 400V capacitor. The expected life of the
output capacitor may be calculated from the thermal

stress analysis:
(105°C+ATK) - (TA+AT0)
|_ = LO X 2 10

where:

L: expected life time
Lo: hours of load life at rated ripple current and rated
ambient temperature.
ATy: Capacitor internal temperature rise at rated condi-
tion. AT = (I2R)/(KA). Where | is the rated current,
R is capacitor ESR, and KA is a volume constant.
Tp: Operating ambient temperature.
ATo: Capacitor internal temperature rise at operating
condition.

In our example Lo = 2000 hours and ATk = 10°C at rated
0.95A. ATg can then be calculated from:

ATk = (Irms/0.95A)? x ATy = (0.77A/0.95A)? x 10°C = 6.6°C

Assuming the operating ambient temperature is 60°C, the

approximate life time is:
(105°C+10°C) - (60°+6.6°C)

Lo = 2000 x 2 10

For longer life, a capacitor with a higher ripple current
rating or parallel capacitors should be used.

= 57,000 hours
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TYPICAL APPLICATION

300W, 382V Preregulator
750pH* MURH860
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! 7.9V h 25k
o >
\ ONE SHOT
/ 200ns

* 1.COILTRONICS CTX02-12236-1 (TYPE 52 CORE)
AIR MOVEMENT NEEDED AT POWER LEVEL GREATER THAN 250W.

2.COILTRONICS CTX02-12295 (MAGNETICS Kool M u® 77930 CORE) = =

1000pF 15k 1248 TAOT

" SEE STARTUP AND SUPPLY VOLTAGE SECTION FOR Vg GENERATOR.
T THIS SCHOTTKY DIODE IS TO CLAMP GTDR WHEN MQOS SWITCH
TURNS OFF. PARASITIC INDUCTANCE AND GATE CAPACITANCE MAY
TURN ON CHIP SUBSTRATE DIODE AND CAUSE ERRATIC OPERATIONS
IF GTDR IS NOT CLAMPED.

Kool My is a registered trademark of Magnetics, Inc.
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PACKAGE DESCRIPTION

N Package

16-Lead Plastic DIP

Dimensions in inches (millimeters) unless otherwise noted.
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