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Abstract: This paper deals with two proposed power management circuitries for USB 5 V supply are
demonstrated by using the current sense amplifier and MOSFET switches architecture. There are some
power losses in switched-mode power supply (SMPS) when supplying 5 V to the USB port in board
level design. The total amount of losses in reference board for 5V SMPS is measured which consumes
21 mW. Two proposed detection circuitries which are load resistive and switch capacitive are used to
save the power losses in SMPS. The simulation results for the power consumption of load resistive
approach consume 2 mW whereas for switch capacitive approach consumes 7.5 mW when the 5 V
SMPS is switched off. The load resistive and switch capacitive approaches will save total amount of
19 mW and 13.5 mW respectively in reference board. The load resistive approach has been
implemented using breadboard and printed circuit board (PCB) and the total power saving is 18.5 mW.
Copyright © 2012 IFSA.

Keywords: SMPS, USB2.0.

1. Introduction

The integrated circuit (IC) design world is moving towards the nano-technology nowadays, so that
most of the devices can be made in very small size and is more preferable by the consumers. When the
technology is moving towards into the smaller feature size, as a result, the power consumption by the
devices become one of the critical issues that need to take into account during the design process.
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In the conventional USB module or port, it received the power supply from the battery or adapter
through a voltage regulator or switched-mode power supply (SMPS) all the time. Proper methods of
designing USB peripheral power distribution are crucial to ensure full compliance with the USB
specification [3]. As a result, there are some powers wasted when there is no any electronic device is
connected to the USB port or when the electronic device is in its idle state. Therefore, some power
management circuitries need to be proposed in order to save the total power losses in the design
process. For instance, in [1, 2, 5], some USB detection circuits, together with the microprocessor or
USB On-The-Go (OTG) has been used in the design and for the purpose of switching off the power
supply when there is no device is plugged into the USB port or when the device is in idle state. The
ultimate goal in introducing the proposed circuitries is to reduce or minimize the power consumption.

2. Power Consumption of 5V SMPS

This work is related to the power management issues stated above. By reducing or saving the power at
the USB port through the SMPS is the main objective in this research. Most of the SMPS using the
PWM controller for its simplicity and good performance [4]. The two main motivations in this project
are to save the power when there is no USB attached, and also when the USB devices are in their idle
state.

2.1. When no USB Device Attached

The block diagram of 5 V SMPS and controller chip is shown in Fig.1. In the normal mode of
operation, the power consumption of the 5V SMPS when there is no USB device attached, P

P = [Vcc(out5_on) x Icc(out5_on) + Vsmps(out5_on) x Ismps(out5_on)] (1)
— [Vce(out5_off) x lcc(out5_off) + Vsmps(out5_off) x Ismps(out5_off)],

where Vcc and Icc are the supply voltage and current in controller chip respectively, Vsmps and Ismps
are the supply voltage and current of 5V SMPS respectively.

|

Vee

Ismpsl Vsmps
Controll Vout=5V
o-n roller 5V Swiched-mode
Chip Power Supply (SMPS)

5V enable_pin

out5

Fig. 1. Block Diagram of 5 V SMPS and Controller Chip.

Based on reference board, the data are obtained and tabulated in Table 1.
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Table 1. Data collected based on Cedar Board Design.

Voltage/Current Values
Vcce(outs_on) 5.106 V
Icc(outs_on) 2.480 mA
Vsmps(outs_on) 19.50 V
Ismps(out5_on) 0.990 mA
Vcc(outs off) 4.980 V
Icc(out5 off) 2.070 mA
Vsmps(outs_off) 19.50 V
Ismps(out5_off) 0.020 mA

The total amount of power saving,

P = (5.106)(2.480 m) + (19.50)(0.990 m) — (4.980)(2.070 m) + (19.50)(0.020 m) = 21.27 mW

2.2. When the USB Device is in Idle State
When entering in suspend or sleep mode,

Power Consumption at USB port when there is no USB device attached: Vsy x lsuspenp =
=5 x 0.715 mA =3.575 mW.

Power Consumption at USB port when the USB device in idle state (attached): Vsy X Isuspenp =
=5x 500 pA =2.5 mW.

3. Proposed Circuit Design
3.1. Load Resistive Approach

This proposed circuit is based on load resistor concept and is used to send a LOW signal to the
controller chip in order to turn off the 5V SMPS when there is no USB device is attached to the USB
port and also when the USB device is in its idle state. The Cedar board will be used as reference board
throughout this work. The load resistive schematic is shown in Fig. 2.

3.1.1. For Normal Operation

This circuit starts with when there is no USB device is attached to the USB port, the Vbus is
continuing supply the 5 V from the SMPS which is contribute to the power losses. The current sense
amplifier will then load zero current from Vbus, and it will send a LOW output and compare with the
comparator A. The output of comparator A will then compare with reference voltage source, VA and
send a LOW signal as well through the MOSFET switch A which is controlled by the Vbus. This
LOW signal will send to the enable pin of controller chip in order to turn off the 5 V SMPS to
minimize the losses. After turning off the 5 V SMPS, the Vbus is now at 0 V and MOSFET switch C is
also turned off. The load resistor, R_ is playing an important role when there is a USB device is
plugged into the USB port. There will be a voltage drop when the USB device is plugged in since the
USB device is acting like a load connected to this circuitry. The comparator B is then compare with
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the appropriate reference voltage source to send out a HIGH output through MOSFET switch B which
controller by Vbus and inverter to the enable pin of controller chip. The Vbus is now turned on by the
5V SMPS.

|

Current]Sense Amplifier ‘

~J+ Comparator_A

—
 ——
gm —
—
= va Inverter |l— Mosfet Switch B
[ —
I~ |
= e
V_Batteyy
RL
1

Enable_pin

Ilf— Mosfet_Switch A
—

Vbus Rsense

SV SMPS AE _l

+
g Comparator_C To USB Device

Mosfet_Switch_C

|+-I
g

Fig. 2. Load Resistive Schematic Diagram.

3.1.2. For Suspend Mode Operation

When entering into suspend or sleep mode, if the D+/D- pin of USB do not receive any activity signal
from the host for more than 3 ms, USB device will in suspend mode. The current draws from Vbus for
low and high power device are 500 pA and 2.5 mA respectively [6]. The Rsense value in current sense
amplifier should be chosen as small as possible to avoid power losses. When in suspend mode, both
the 5 V SMPS and the load resistive circuit will be turned off to save the power and incapability of the
current sense amplifier for sensing the USB suspend low current which is 500 pA and 2.5 mA
respectively. The complete block diagram is shown in Fig. 3 for both normal and suspends mode
operation. Note that the load resistive approach consists of current sense block and detection circuitry
block. A time delay box from linear technology is used to send HIGH signal after some delay of time
which can be adjusted by the resistor and capacitor value in delay box itself. The input of the delay box
is connected to the D+/D- of USB device and it will send a shutdown signal through MOSFET switch
E to the enable pin of the controller chip to turn off the 5V SMPS. At the same time, the shutdown
signal from the load resistive circuit will be disconnected by the shutdown signal from time delay box
through MOSFET switch C, and the load resistive circuit will be turned off through an inverter B and
MOSFET switch B. Last but not least, the shutdown signal from time delay box will supply an extra 5
V voltage source directly to the USB devices so that the devices can continue to operate in suspend
mode through the inverter A and MOSFET switch A, and disconnected the 5 V SMPS supply to the
Vbus through MOSFET switch D simultaneously. When resume signal is generated by the host, the
extra voltage source will be disconnected while the 5V SMPS and the load resistive circuit will be
turned on by the time delay box.

3.2. Switch Capacitive Approach

The second proposed circuit is based on charging capacitor concept and using the charging and
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discharging voltages to send a LOW signal to the controller chip in order to turn off the 5 V SMPS
when there is no USB device is attached to the USB port and also when the USB device is in its idle
state. The switch capacitive schematic is shown in Fig. 4.

R1 TimeDelay Box Block 1 o
From D+/D- pin =
Inverter_Al] gNED-_Input ouT
] VDD SHUTDOWN o
Mosfet_Switch_A
sV oy
I Inverter B
lT
-—

Mosfet_Switch_ E L

Enable_pin | i
5V SMPS Current Sense Amplifier Block m |
—
GND 7Load Resistive Circuit Block
Rsense+
- OUT_CSA
L_sv Vbus i L Vbus Rsense- - /
Mosfet_Switch_D rvep
Rsense
o

/ 4Lﬁ7
Detection Circuitry Block

Mosfet_Switch_C

[ Mosfet_Switch B
sV 1 ! — —
GND
o
R:;_siiA SHUTDOWN
USB_Device p——ll— To USB Device

Rsense-
VDD

Fig. 3. Load Resistive Complete Block Diagram
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Fig. 4. Switch Capacitive Schematic Diagram.

3.2.1. For Normal Operation

This circuit starts with when there is no USB device is attached to the USB port and Vbus is
continuing supply the 5 V from SMPS. The current sense amplifier will load a zero current and send a
LOW signal and compare with the comparator A. the output of comparator A will compare with
reference voltage, VA and send a LOW signal as well through MOSFET switch A which is controlled
by the charging capacitor voltage. This LOW signal will then send to enable pin of controller chip in
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order to turn off the 5 V SMPS. An extra 5 V voltage source is turned on through an inverter B and
MOSFET switch B in order to continue charging the capacitor and turn the MOSFET switch A on
until the USB device is plugged in. Note that the node A will be only connected to Vbus when USB
device is plugged in. After turning off the 5V SMPS, the Vbus is at 0 V. When there is a USB device
is plugged into the USB port and now the node A is connected to Vbus which is 0 V. The capacitor is
now playing an important role and it will discharge to zero and turning off the MOSFET switch A
while at the same time turning on the MOSFET switch C through the inverter D since the voltage
across capacitor is
0 V. The MOSFET switch C will then pass the HIGH signal through inverter C from the 0 V across
the capacitor to the enable pin of controller chip. The Vbus is now turned on by the 5 V SMPS.

3.2.2. For Suspend Mode Operation

The same concept stated in section 3.1.2 will be used in the suspend mode of switch capacitive. Refer
to this section for more details. The complete block diagram is shown in Fig. 5. for both the normal
and suspend mode operation. Note that the switch circuitry approach consists of current sense
amplifier and detection circuitry block.
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Fig. 5. Switch Capacitive Complete Block Diagram.

4. Simulation Results
4.1. Operation Results for Load Resistive & Switch Capacitive Approaches

The complete simulation results from the schematic in Fig. 3 and Fig. 5 by using the LTspice tool are
shown in Fig. 6 and Fig. 7 respectively. The Vctrl signal represents the attachment of the USB device.
For instance, logic HIGH for USB device attachment to the USB port whereas logic LOW for USB
device detachment from the USB port. The D+/D- input of the time delay box is connected to Vpulse
to represents the actual signal from D+/D- pin in USB devices. The time delay box is set to have the
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delay of 330 ms for the simulation purpose. The USB current drew by the device in this simulation
results is 100 mA.

V_CTRL ¥ CTRL
; ‘ [
‘ | V_pulse v pule
23 J ‘ 1w J | 4
; m |
12 V_shut ‘ 1 1
 shat

&
V_5V_SMPS_OUT | o VS SMPs OUT
o LY

0 03 0.6 0.9 12 15 18 21 24 27 305 ] 3} [T} 1} (] 13 i3 b1 4 thy ik

Fig. 6. Load Resistive Operation Results. Fig. 7. Switch Capacitive Operation Results.

Firstly, there is no USB device connected to the USB port, i.e. Vctrl is logic LOW for 500 ms. The
V _shut signal represents the shutdown signal and it send a logic LOW to the controller chip. Hence,
the 5V_SMPS OUT and VBUS are now turned off, which at 0 V. After that the USB device is
connected to the USB port which the Vctrl is now logic HIGH until the end of simulation. The V_shut
signal is now logic HIGH to the controller chip and then turning on the 5V_SMPS_OUT and VBUS,
which at5 V.

The idle state of the USB device which represented by Vpulse starts at 1.2 s and there is no any
activity from the host more than 3 ms. The time delay box will send a shutdown signal to the controller
chip after 330 ms which is at 1.533 ms. The V_shut signal will now at logic LOW and turning off the
5V_SMPS_OUT in order to save the losses in the SMPS itself but at the same time, an extra 5 V
voltage source is supplied to the VBUS so that there is still have 5 V supply to the USB device in the
suspend mode. Hence, VBUS will at 5 V in the idle state. The suspend state will be ended at 1.8 s
which the resume signal is generated by the host to the USB device and the simulation results show the
normal operation of the USB device after 1.8 s. The V shut signal is now pull up at logic HIGH to turn
on the 5 V SMPS and the extra 5 V supply is now disconnected from the VBUS. The VBUS now
obtains the 5V from the SMPS.

The hardware has been built for Load Resistive approach. The 5 V Vbus is connected to the 5 V supply
instead of SMPS. We only observed for the V_shut when there is no USB device plugged in and when
the device is in idle state. The VV_shut is LOW when the V_ctrl is LOW and become HIGH when the
V_ctrl is HIGH. When in idle state, the V_out, i.e. output from the time delay box will send a HIGH
signal. Besides, the 5 V Vbus is observed when in idle state. For this case, the 5 V Vbus is connected
to 0 V supply and hence the Vbus in idle can be observed clearly that is at 5 V which is the same result
explained in section 4.1. The results shown in Fig. 8 (a) and Fig. 8 (b).

4.2. Power Consumption for Load Resistive & Switch Capacitive Approaches

The power consumption for the Load Resistive and Switch Capacitive circuitry using the LTspice tools
are simulated. The power consumption consumed by each block when there is no USB device is
plugged in and when in its idle state at 25 °C are obtained which will tabulate in Table 2. The power
consumption of the hardware part for Load Resistive approach is measured using digital multimeter
and is also tabulated in Table 2.
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Fig. 8(a). Hardware for Load Resistive (Vbus at 5V). Fig. 8(b). Hardware for Load Resistive (Vbus at 0V).

Table 2. Power Consumption Comparison.

Simulation data Hardware data
SMPS without SMPS with Load SMPS with Switch SMPS with Load
Block/ detection circuit Resistive Capacitive Resistive
Components — (Watt) (Watt) (Watt) — (Watt)
USB IDLE No USB IDLE No USB IDLE USB IDLE
CurrentSense | \/a | n/a | 12m | 217u | 12m | 2214
Amplifier
Detection NA | N/A | 41u | 113u | 54m | 444p
Circuitry
Time Delay |\ n | \yA | 483u | 733u | 483u | 734u 2.2m 165m
Box Block
Rsense N/A N/A 0 0 0 0 0 0
R1 N/A N/A 0 360 u 0 360 u 0 361u
R2 N/A N/A 360 u 0 360 u 0 361u 0
Toﬁz's‘;’g:"er 21m | 36m | 21m | 14m | 75m 13 25m 20m
Total power saving 19m 2.2m 13.5m 2.3m 185 m 1.6m

5. Conclusions

The Load Resistive approach consumes 2.1 mW when there is no USB device is plugged in and
1.4 mW in idle state. This proposed method saves total amount of 19 mW in this reference board
design. For the hardware part, this approach consumes 2.5 mW when no USB device is plugged in and
2 mW in idle state. Total power saving is 18.5 mW which is slightly lower than the simulation results.
The Switch Capacitive approach consumes 7.5 mW which is higher than the Load Resistive approach
when there is no USB device is plugged in and 1.3 mW in idle state. This proposed method saves total
amount of 13.5 mW in this reference board design. The Load Resistive approach is more preferred
because it consumes less power and more suitable in the low power design.
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