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How PCB Mismatch Affects Common-N DCR Current Sensing
in Multi-phase Applications

Abstract

It has been many years since GPU power solutions (OVR3i+ / OVR4i+) adopt common-N structure for DCR current
sensing in multi-phase applications. There are two common-N type multi-phase controllers for graphic core power
application in Richtek, the 3 phases controller RT8843A for OVR3i+ solution and the 8 phases controller RT8848A
for OVR4i+ solution respectively. The common-N structure has benefit of pin-saving in a limited package size as
compared to differential structure of DCR current sensing. However, this structure has an intrinsic drawback of current
unbalance issue as PCB layout is not symmetric especially in high phase count applications. High phase count is a
trend in computing graphic cards or data mining machines. The layout can't always be symmetric in a limited board
size and even the priority of high speed signal routing for GPU/DDR is much higher than power routing. Therefore,
the effect of Rpce non-symmetric on current sensing is a crucial topic in multi-phase applications. Some advanced
controller, such as RT8848A, has function of current balance gain adjustment according to each phase by 1°c
communication is necessary for improving the current balance performance. In this application note, the analysis of
common-N structure with different connection types are discussed. Simulation and experiments with RT8848A or
RT8843A are also performed to verify the theory. In a result, user can understand the Rpcg mismatch effect on
different types of common-N DCR current sensing network and choose a suitable method to implement in their
application.
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Current Sensing in Multi-phase Applications

1. Introduction to DCR Current Sensing Network

The DCR current sensing network has been a popular method for inductor current sensing due to the advantages of
power lossless and ease of design. In Figure 1, a standard DCR current sensing circuit is presented. A pair of Rx
and Cx is in parallel with inductor L. The inductor model has equivalent inductance in series with a DCR resistor. The
voltage signal across Cx can be derived in equation (1). It can be noticed that as the time constant of L and DCR
matches Rx and Cx (as shown in equation (2)), then the Vcx is equal to the inductor current multiplies DCR value.
Both DC and AC signal of inductor current (IL) can be achieved through the voltage of Vcx.
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Figure 1. DCR Current Sensing Topology

Assume in s-domain, the Vcx voltage can be derived via KCL/KVL rules.

1

=——x(sL+DCR)xI 1
' 1+sR, xC, ( )<l (1)
when
L
——=R,xC 2
DCR * %
By substituting equation (2) into equation (1), the Vcx voltage can be represented as following equation.
Ve =1, xDCR 3)

From above derivation, the inductor current can be achieved via properly designing the parameters of DCR current
sensing circuit. In high power applications, such as GPU core power or CPU core power, the high phase number is
necessary to achieve enough current capability within a limited inductor size and power stages (MOSFET).

There are two different structures for DCR current sensing in multi-phase applications.

The first one is differential current sense topology as shown in Figure 2. The inductor current is sensed as the voltage
across the DCR current sense capacitor. Each phase has individual positive and negative sensing pins to be
connected to positive terminal and negative terminal of Cx. Therefore, the voltage across Cx can be well monitored
and applied to current balance control and per-phase over-current protection. However, as the phase number
increases, the necessary pin number will also increase. This structure has benefit of high accuracy of current sensing,
but the high pin count is a trade-off.
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Figure 2. Differential Current Sense Topology

On the other hand, for the second structure which is called as common-N current sense topology is shown in Figure
3. The inductor current signal can be achieved from the voltage sensing across the DCR current sensing capacitor
(Cx). Different from differential type, there is only one negative pin (CSN pin) as the reference for each phase’s
inductor current signal. The negative points of each phase’s Cx are connected together to the CSN pin as a common-
N reference. This structure has benefit of pin-saving, but the current signal has some distortion which can result in
current unbalance issues and false triggering over-current protection. In the next section, the analysis of different
types of common-N structure will be addressed.
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Figure 3. Common-N Current Sense Topology
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2. Analysis of Different Types of Common-N Structure

There are four types of common-N structure for DCR current sensing in multi-phase applications : Typel, Type2,
Type3 and Remoting methods. In this section, the analysis of these structures will be addressed, including the
simulation waveforms and Rpcg effect derivation on DCR current sensing signal.

2.1 The Typel Common-N Structure

The first type of DCR current sensing connection for common-N structure is shown in Figure 4. For simplification, a
two phases condition is applied to derive the equation for discussing the effect of Recg on DCR current sensing
signal. The Rpce shown on the circuit are the layout impedance from inductor output node to regulating point at GPU
side. According to different layout arrangement, the Rpcg impedance of each phase may be similar or different.
Moreover, the deviation between Rpcg may generate an additional offset on current feedback signal (Vsen). In order
to prevent large leakage current on common-N layout trace, a small resistor Rn is applied to connect each Cx’s
negative terminal together. The Vsgn signal can be derived by following steps.

First, the Vo1, Vo2 and Vo,av are derived as :

Vo1 =V, +1 X Rpeg; (4)

Vo =V, i, XRpeg, )
+

Vo,av = % (6)

And the Vcx can be derived by following equation in s-domain.

sL
(1+ DCijDCRle =(L1+SCyRy ) Viy @

From equation (7), the Vcx can be represented as :

oer)
_ DCR

X (1+sCRy)

xDCR x|, 8)

Then the voltage signals of Vsen1 and Vsen2 are achieved by adding the voltage across Rn to Vcx signal.

- DCR «DCR x| . + |1 ¥ Rpops ~lo XRpces )
SEN1 (1+ SCXRX) L1 2
V. = DCR «DCR x|.. + > XRpcgs -l XRpces (10)
SEN2 (1+ SCXRX) L2 2
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Figure 4. 2 Phases Typel Common-N DCR Current Sensing Circuit

It can be noticed that the additional offset on Vsen signal makes the controller unable to know the correct current
signal. Without knowing the correct current amplitude of each phase, current balance function works abnormally. The
current balance can only be achieved if Rpcg1 and Rpcg2 are the same by layout PCB symmetrically. Practically, it's
very hard to layout PCB symmetrically in high phase application, the current balance performance requires to be
improved by adjusting the current balance gain to compensate the additional current offset on Vsgn signal. However,
if the Recs deviation is too large as compared to DCR value, the performance of current balance will be limited due
to the limited modification range of current balance gain. Moreover, as shown in equation (9) and (10), the current
offset items are related to both per-phase inductor current (IL1 and I.2) and Rpcg values. Due to the current signal
(IL1 and I.2) is the combination of DC current value and AC inductor current ripple, the offset current signal on Vsen
has both DC component and AC component. For DC component, it affects the average value of inductor sensing
current; and for AC component, it changes the current ripple shape from triangle ripple to an abnormal ripple as
shown in Figure 5. In this example, the DCR value is setup as 0.6mQ, and L/DCR = RxCx for time constant matching.
Rpce1 and Rpca2 are setup as 1mQ and 10mQ respectively to emulate the PCB non-symmetric issue. The abnormal
current ripple may induce controller to false trigger protection functions such as OCP function. For some application
as VCORE power, false triggering OCP may result the power rail shutdown and system also shutdown after then.
Furthermore, if the current signal is used for output voltage loop control, the stability may become worse.
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Figure 5. DCR Current Sensing Signal with Typel Common-N Structure
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2.2 The Type2 Common-N Structure

Figure 6 shows the Type2 common-N DCR current sensing circuit. For simplification, a two phases condition is
applied to derive the equation for discussing the effect of Recg on DCR current sensing signal. The Rpcg shown on
the circuit are the layout impedance from inductor output node to regulating point at GPU side. It can be noticed that
the placement of Rn is different from Typel. The Rn is in series with DCR current sensing components (Rx and Cx).
The Vsen signal is equal to Vcx voltage across DCR current sensing capacitor (Cx). The Vsgn signal can be derived
by following steps.

First, the Vo1, Vo2 and Vo,av are derived as :

V,, =V, 4l xRpeg; (11)

V,, =V, 41, xRpep, (12)

Voav = % (13)
And the Vcx1 can be derived by following equation in s-domain.

(1+ DS:Z_R j xDCRxI| , + b *Recer _ZILZ *Recer (1+SCyRy ) x Vyg (14)

From equation (14), the Vcxi can be represented as :

“oor
— DCR «DCR x| +hXRmm4uXRmm (15)
“(1+sC,Ry) " 2x(1+sC,Ry)

Similar to Vcx1, the Vexa can also be derived as below equation :
(14- DS(l_Rj

CX2 :—XDCRXILZ +
(1+sC,Ry)

|2 XRpegs =l XReces (16)

2x(1+SC,Ry)

And the Vsen1 and Vseng are equal to Vexi and Vexe respectively.

L DCR VoZ Rpcb2

Figure 6. 2 Phases Type2 Common-N DCR Current Sensing Circuit
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The Vseni1 and Vsenz can be achieved from equation (15) and equation (16). When time constant of L/DCR matches
RxCx, the DCR current sensing signal equals to the sum of inductor current multiplies DCR of inductor and the
additional offset. The additional offset is generated by the deviation of Recg multiplies inductor current between each
phase. The equation of Vsgn signal is similar to the equation derived from Typel structure. The major difference is
the AC offset ripple is suppressed by RxCx filter and can be ignored as compared to DC offset. However, the DC
offset still affects the current sensing signal. An example of the DCR current sensing signal with type2 common-N
structure is shown in Figure 7. It can be observed that each Vsgn signal is in shape with its inductor current. In this
case, the DCR value is set as 0.6mQ, and L/DCR = RxCx for time constant matching. Rpce1 and Rpcg2 are setup
as 1mQ and 10mQ respectively to emulate the PCB non-symmetric issue. The Vsen signal of both phasel and
phase2 are not proportional to DCR value due to the additional DC offset on current sensing signal. Therefore, the
controller may have a hard time to control the current of each phase to achieve current balance. Moreover, the over-
current protection function can’t work correctly as current signal is not accurate. For type 2 connection, the current
balance can be improved by adjusting the current balance gain to compensate the Rpcb deviation. However, there
is a bottleneck for this method because most of controller has limited adjustment range of current balance gain. In
section4, the design tips for Rpcb variation and current balance gain will be discussed.
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Figure 7. DCR Current Sensing Signal with Type2 Common-N Structure

2.3 The Type3 Common-N Structure

As described in previous sections, both Typel and Type2 can't get accurate inductor current signal from Vsgn signal.
In this section, a method based on Type2 is proposed to eliminate the Rpcp effect on Vsen signal. Figure 8 shows a
two phases Type3 common-N DCR current sensing circuit. For simplification, a two phases condition is applied to
derive the equation for discussing the effect of Rpcg on DCR current sensing signal. The Rpcg shown on the circuit
is the layout impedance from inductor output node to regulating point at GPU side. The resistor Rm is connected
from positive terminal of DCR current sensing capacitor (Cx) to the output node of other phase’s inductor. For multiple
phases application with Type3, the equivalent circuit is shown in Table 1. In order to simplify the circuit diagram, the
wire connections are represented with net names and arrows. It should be noticed that it requires additional Nx(N-1)
pcs resistors to connect between each phases’ output when applying Type3 method, where N is the total operating
phase number. For example, the total required number of Rm is 2 x (2-1) = 2pcs in a 2 phases application. And for 3
phases application, the total required number of Rm is 3 x (3-1) = 6pcs as shown in Figure 19. The Vsgn signal can
be derived by following steps.
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First, the Vo1, Vo2 and Vo av are derived as :

Vo1 =V, +1 xRpeg; (17)
Vo =V, i, XRpeg, (18)
Voa = % (19)

And the Vcx1 can be derived by following equation in s-domain.

V.., +Vo, -V
o S0 2+ SCXVCXIJ +Vex (20)

(1+ DSCII_RJX DCRxI,+V,, -V, ,, =Ry x(
From equation (20), the Vcxi can be represented as :

1+ sL
_ DCR DCR
Vexi = x

(Rm -RX)X(Vol 'Voz)

xI,+
1+ (21)
1+5Cﬁ?x R 2(Rx+Rmp<1+SC§?X
1+—* 1+R—X

Similar to Vcxi, the Vexe can also be derived as below equation :
1+ sL

— DCR DCR

Vexe = X

(Rm -RX)X(V02 3 Vol)

X1, +
1+ % 22)
R
1+SCXF|§X " 2(Ry +R,, ) x| 1+ SCXF?X
e R

And the Vsgn1 and Vsen? are equal to Vexa and Vexe respectively.

For equation (21) and equation (22), if Rm is equal to Rx, the offset items are eliminated, and the equation can be
represented as following.

sL
1+ ——
( DCR) DCR
= X x|

V. = (23)
SEN (1 sCxij 2 ¢
(l SRJ R
DCR) DC ”

Vsene = xI,
(1+ sC,R, j 2
From equation (23) and equation (24), make L/DCR = RxCx/2 for time constant matching, then the current signal can

be calculated via inductor current multiplies DCR/2. It should be noticed that the equivalent DCR is divided by 2 due
to additional Rm resistor. In a result, the Rpcg non-symmetric effect has been cancelled.
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Figure 8. 2 Phases Type3 Common-N DCR Current Sensing Circuit

Figure 9 shows an example of the DCR current sensing signal with Type3 common-N structure. In this example, the
DCR value is set as 0.6mQ, and L/DCR = RxCx/2 for time constant matching. Rpce1 and Rpcg2 are setup as 1mQ
and 10mQ respectively to emulate the PCB non-symmetric issue. In this simulation, the current balance function is
disabled and the output load current is 20A. The Vsen signal of both phasel and phase2 are proportional to their
inductor current signal with the gain of DCR/2 = 0.3mQ. Therefore, the PWM controller can get the correct current
signal and adjust the PWM pulse width to achieve current balance between each phase. Moreover, over-current
protection function also works correctly. The Type3 method is useful in low phase number (< 4phase). If the phase
number increases to 8phase, the number of required “Rm” resistor is up to 7x8 = 56pcs. A N phases Type3 structure
needs additional (N-1) x N pcs resistor connected to each phase’s inductor output node. Besides, the side effect of
Type3 is the DCR reduction, which makes equivalent DCR become DCR/N, where N is the phase number. After DCR
reduction, the impact of current sensing comparator offset (Vcs,ofs_comp) becomes crucial as compared to current
signal. The current sensing signal including comparator offset can be represented as below :

sL
(1+ j DCR
DCR x x| +V

(l+ SCxRx j N L cs,ofs_comp
N

VSEN =

(25)
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Figure 9. DCR Current Sensing Signal with Type3 Common-N Structure

2.4 The Remoting Type Common-N Structure

In this section, an alternative method which can solve the current unbalance issue is proposed. As shown in Figure
10, it's a N phases common-N DCR current sensing circuit with remoting connection. The main idea of this method
is to include each phase’s Rpcg value into their own DCR value, where the Rpcg is the layout impedance from
inductor output node to regulating point at GPU side. The DCR network of Rx and Cx is in parallel with power inductor
and Rpcg layout impedance. It should be noticed that the negative point of Cx is connected to the remoting sensing
point at GPU side. A divider resistor is in parallel with Cx to compensate the deviation of Rpcs values between
different phases. The Vsgn signal can be derived by following steps.

For Vsenai, the equivalent inductor impedance is DCR + Rpcg1, and the Vcxi or Vseni can be calculated as following
equation :
sL
(It )
DCR + RPCBl x Rdl
1+ S(RX //Rdl)Cx R, +Ry,

(26)

x IL1 x (DCR + I:QPCBl)

VSENl = VCXl =

If properly design the parameters to make L/(DCR+RpcB1) = (Rx//Ra1)Cx, then the Vsenz is equal to the following
equation :
_ Ry

SEN1 — mx ILl X (DCR + RPCBl) (27)

On the other hand, the Vsgn signal of the other phases can be derived by the similar method. For instance, the Vsen
signal of phase N is shown as below :

(St
DCR+Rpeey % Ran

1+5(Ry / /Ry )Cy Ry +Ryy

(28)

Xl X (DCR +Rpggy)

VSENN = VCXN =

For time constant matching, let L/(DCR+RpcBN) = (Rx//Rdn)Cx, then the Vsenn is equal to the following equation :

VS — I:2dN

ENN _mXILN X(DCR+RPCBN) (29)
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It should be noticed that the negative terminal of Rq resistor should be routed to the remoting point at GPU side to
avoid additional voltage offset on Vsgn signal.

In order to achieve current balance in multi-phase application, the divider resistor Rq should follow the design steps
as below.

Stepl. Find the minimum value of (DCR + Rpcex) among N phases circuit. Assume Rpcex < RpcBd, ..., RPCBN.
Step2. For current balance condition, assume I1 = IL.2 =...= ILN and VsSgN1 = VSEN2 =...= VSENN.
Step3. Calculate the Rq value for each phase.

By utilizing the condition in step2, the relation between Rdx and the other Rq can be derived as below :

For Rq1,
Rd1 R
—%  x(DCR+R =— X »(DCR+R
Rx +Rd1 X( PCBl) Rx +Rd>< X( PCBX) (30)
For Ran,
R,y R
— 2  x(DCR+R =—% »(DCR+R
Rx +RdN X( PCBN) Rx +Rdx X( PCBX) (32)

From equation (30), the Rq1 can be calculated as below :

. (DCR +Rpcpy ) ¥ Rex
di

R
(DCR +RPCBl)+(RPCBl -RPCBX)XRidX (32)

X

From equation (31), the Rdn can be calculated as below :

(DCR +Rpcax ) xR gy

Ran = Rox (33)
(DCR +Rpcan ) + (RPCBN -Rpcax ) X R.

X

In a summary, the Rpce effect on current sensing signal can be solved if considering the Rpcs value into the
parameters design of DCR current sensing circuit. In Figure 11, the simulation result of a 2 phases DCR current
sensing network with remoting type for Rpce cancellation is presented. In this example, the DCR value is set as
0.6mQ, and (Rx, Cx, Rd1, Rdz) follow equation (26) and equation (28) for time constant matching. Rpcg1 and Rpci2
are setup as 1mQ and 10mQ respectively to emulate the PCB non-symmetric issue. In this simulation, the current
balance function is disabled and the output load current is 20A. The Vsen signal of both phasel and phase2 are
proportional to their inductor current signal with the gain of (DCR + RpcB1) X Rd1 / (Rd1 + Rx) and (DCR + Rpcg2) X
Rd2 / (Rd2 + Rx) respectively. Therefore, the PWM controller can get the correct current signal and adjust the PWM
pulse width to achieve current balance between each phase. Moreover, over-current protection function also works
correctly.

In the next section, a practical example of an 8 phase controller which adopts the remoting type common-N circuit to
solve the Rpcg effect will be performed.

ANO067 © 2021 Richtek Technology Corporation 11
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Figure 11. DCR Current Sensing Signal with Remoting Type Common-N Structure

2.5 Summary and Comparison of the Four Types of Common-N DCR Current Sensing Structures

We have introduced four types of common-N DCR current sensing circuit in previous sections. For Typel, there is
an offset, which combined both DC and AC terms, on the current sensing signal and the offset influences both current
balance and per-phase over-current protection. For Type2, there is a DC offset, which comes from the deviation of
RpcB, on the current sensing signal and the offset affects both current balance and per-phase over-current protection.
For Type3, the Rpcs effect can be cancelled by connecting the positive terminal of Cx to each phases’ inductor output
nodes. Although the equivalent DCR is reduced by the connected phase number and it needs more resistors in
application circuit. This method can effectively solve the current unbalance issue and make per-phase over-current
protection function normally. For remoting type, the Rpcg is considered with the inductor’s DCR for designing the
parameters of DCR current sensing circuit. Therefore, the Rpcg effect can be well solved if Rpcg values are correct.
Table 1 summarized the sensing offset generated from these four types of common-N DCR current sensing circuit.
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Table 1. Summary Table of the Four Types of Common-N DCR Current Sensing Structures

Typel Type2
L DCR 5:;31 L DCR v/, Recar
—> + —
I |
VRnl Rn 1
Rx Cx +VRn1 R Rx Cx -
F - —\\WW\—> 0,av V
R FIIF o,av
Vea n
——— Vsen1 = Vexa
VSENI
. — Vo
. — V,
Veenn Vsenn = Vexn
e - 5
Vexn vV, RY +(I:I > Vo,av
- RnN _ X -
+ TAAN > o0,av VRN Rn Iin
Rx Cx Rn R
Iin NN
L DCR VON RPCBN
L DCR VDN RPCBN
1 O 1 &
V. =l xR . -—x>» 1| xR . -
Cs.offset_i — 'Li pebi | ; Lj pcbj I|_i X Rpcbi N x ZILJ X Rpcbj
V. = =
CS,offset_i
(1+sC,Ry)
Type3 Remoting Type
L DCR . Recms L DCR | Rpawn
- I
Vexa = Vsent Veoa
+L AM—
Von Vg Rt
— V, Vo
VSENN
Vo1 Am + Ran
Von Vexn = Vsenn \iﬁ(?
I
Rx Cx
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3.  Design Consideration for Rn

For common-N DCR current sensing structure, there is only one reference point (Vcsn) for current signal detection.
As shown in Figure 12, for type 1, 2 and 3, a small resistor Rn is connected between inductor output node and the
common-N reference point for each phase. The Rn is applied to limit the leakage current on the trace when there is
a voltage drop across inductor output node and common-N point. This voltage drop is generated by the Rpcp layout
difference between each rail. In order to reduce the leakage current on these traces, we can use a large Rn to limit
the current. However, the selection of Rn should also consider the RC time delay on common-N voltage (Vcsn). The
RC time constant of (Rn, Cn) affects the response time of current feedback signal, if RC time constant is larger than
switching period (1/fsw), where fsw is switching frequency of PWM, the current feedback signal will be delayed and
the loop response becomes slower. Therefore, the RC time constant should be smaller than switching period to
guarantee the transient performance. Generally, the minimum value of Cn is suggested to be larger than
10nF/0603/6.3V for noise filtering on local CSN pin. Then, the selection guide of Rn can follow below criterion :

1
27R,C, < —— (34)
fsw

For example, if Cn is designed with 10nF and fsw = 300kHz, the Rn is recommended to be 50Q to minimize the
leakage current and also meet design criterion.

IL1

—
L DCR
— AN,
RX Cx §Rn
ISEN1P [ ] Veu
: '—OVO
Iy
—
L DCR
" YN AN\
RX Cx § Rn
+ —
ISENNP [ | Vexn
CSN

I

Figure 12. Common-N Current Sense Topology with Rn and Cn
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4.  Case Study and Design Tips

In this chapter, some practical application examples with different type of common-N DCR current sensing connection
are presented. The simulation results are simulated with the FineSim spice model based on chip-level (Richtek
internal design tools.

4.1 Practical Design Example of Type2 Common-N DCR Current Sensing

The Typel and Type2 DCR current sensing structures are introduced and analyzed in chapter 2. The main difference
between these two methods is the the AC offset ripple is suppressed by RxCx filter in Type2 connection. Frankly
speaking, Typel connection is not a recommended method for common-N DCR applications. The additional AC ripple
injected into inductor current sensing signal generates the wrong current signal and it is unacceptable for most of IC
controllers. Therefore, we will not use Typel as an example in practical applications. Here we are going to introducing
the design limitation according to current balance gain and Rpcg values when using the Type2 connection. Then, we
will summarize a design rule to make sure the user has enough adjustable range of current balance gain to
compensate the Rpcg effect. In a result, some practical design examples will be presented.

First, for a given controller which applies common-N DCR current sensing structure, take RT8848A as an example,
the RT8848A is an 8 phase multi-phase synchronous Buck controller which is optimized for high performance graphic
microprocessor and support Nvidia OVR4i+ specification. A simplified application circuit for describing the DCR
current sensing circuit connection is shown in Figure 13. For full application schematic, please refer to RT8848A
datasheet [reference 3]. The adjustable range of current balance gain for RT8848A is from 0.68 to 1.24. Therefore,
the ratio of maximum gain and minimum gain is calculated by below equation.

CBGAIN_max _1.24
CBGAIN_min 0.68

=1.82 (35)

RT8848A

ISEN1|

Vout2

Rpcnz
ARA GPU
Rn
ISEN2
Gm
Vi

|L8 OgTS
Lx DCR Ripcos
AV ARA

ISEN8

J—* csN

Figure 13. Simplified Application Circuit for RT8848A with Type2 DCR Current Sensing Network
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Next, when applying with common-N DCR current sensing network in multi-phase application, the current feedback
signal (Vcsi) includes both DCR term and Rpcb term as derived in chapter 2. The Vcsi for each phase can be
represented as below equation.

sL 1
(1+ DCRJ i ><Rpcbi 'Nleu ><Rpcbj 36
Vo =~ PRV bR, + = (36)
(1+ sCXRX) (1+ SCXRX)
Where the DCR term is :
(1+ DSCIZ_RJ (37)
VCSi_DCR = (ZL-*-STF\’X)X DCR x|
And the Rpcb term is :
1 N
xR i-—=x ) 1. xR
kN LN JZ:; Lj * pebj (38)

V.o =
CSi_Rpch (l+ SCXRX)

For current balance adjustment, the maximum current feedback signal (Vcs_max) and minimum current feedback
signal (Vcs_min) should follow the rule as below :

V, DCR+R -R

CS_max — pcb_max pcb_avg < 182 (39)
VCS_min DCR+ Rpn:b_min - Rpcb_avg

The equation (39) should always be positive. In order to properly compensate the PCB effect with current balance
gain, the equation (39) should be considered during PCB layout in practical application. Following are two simulation
examples with different PCB layout, the first one has non-symmetric PCB layout and fail to meet equation (39). The
second one has relatively symmetric PCB layout and meet equation (39). The simulation performs current balance
result from light load to heavy load with 8 phase configuration. As shown in Figure 14, the current balance result of
first simulation case is presented. The Rpcp values are summarized in Table 2. The current signal ratio between
maximum and minimum value can be calculated by substituting the PDN (Power Delivery Network) values to equation
(39), and the calculation result is shown below :

V DCR+R -R
Cs_max _ peb max _ph.2¥9 - _8 >>negative (40)
\V/ DCR+R -R

CS_min

pcb_min pcb_avg

From equation (40), it is obvious that the PDN value is over the design criterion. Therefore, the current balance result
is worse even with modified current balance gain. The average current of each phase in simulation result at IOUT =
240A are listed in Table 3 and Table 4.

Table 2. PDN Design Value of Non-symmetric PCB Layout

Inductor DCR = 0.5mQ

RpcB1 = 1.441mQ Rpces = 0.269mO
Rpce2 = 1.401mQ Rpces = 0.378mO
Rpce3 = 1.399mO Rpc7 = 0.426mQ
RpcB4 = 1.406mQO Rpceg = 0.472mQ
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Table 3. Average Current of Each Phase with Default CB Gain (Non-Symmetric PCB Layout)

PH1

PH2

PH3

PH4

PH5

PH6

PH7

PH8

Deviation

IL,avg (A)

19.5

19.9

20

19.7

44.9

40.5

38.7

37.2

+42%

Table 4. Average Current of Each Phase with Modified CB Gain (Non-Symmetric PCB Layout)

PH1

PH2

PH3

PH4

PH5

PH6

PH7

PH8

Deviation

22.8

22.8

22.8

41.6

37.4

35.7

34.3

+33%

|L,avg (A) 222

Total Load Current (A)

Per-phase Inductor i T ||III\|||||H

Current with Default
CB Gain (A)

WW‘\ Ll ‘m uIII

Per-phase Inductor
Current with Modified
CB Gain (A)

Time (s)

Figure 14. Current Balance Result with Non-symmetric PCB Layout

For the second simulation case as shown in Figure 15, the PDN values are summarized in Table 5. By substituting
the PDN values to equation (39), the ratio between Vcs max and Vcs_min can be calculated as below :

V, DCR+R -R
CS_max — pcb_max pcb_avg - 176 < 182 (41)
VCS_min DCR+ Rpcb_min - Rpcb_avg

From equation (41), the result shows the PDN deviation is within the design criterion. Therefore, the current balance
result can be improved to an acceptable range by properly setting the current balance gain. If the design range of
current balance gain is wider, the current balance performance may be much better. The average current of each
phase in simulation result at lout = 240A are listed in Table 6 and Table 7.
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Table 5. PDN Design Value of Symmetric PCB Layout

Inductor DCR = 1ImQ

Rpce1 = 1.3mQ Rpces = 0.75mQ
Rpce2 = 1.25mQ Rpces = 0.8mQ
Rpce3 = 1.2mQ Rpce7 = 0.85mQ
Rpce4 = 1.15mQ Rpceg = 0.9mQ

Table 6. Average Current of Each Phase with Default CB Gain (Symmetric PCB Layout)
PH1 PH2 PH3 PH4 PH5 PH6 PH7 PH8 Deviation
ILavg (A) 25.9 26.5 27.1 27.6 34.7 33.8 32.8 32 +15%

Table 7. Average Current of Each Phase with Modified CB Gain (Symmetric PCB Layout)
PH1 PH2 PH3 PH4 PH5 PH6 PH7 PH8 Deviation
ILavg (A) 29.9 30.5 31.1 31.9 30.4 29.6 28.7 28 19%

Total Load Current (A)

Per-phase Inductor
Current with Default
CB Gain (A)

Per-phase Inductor
Current with Modified
CB Gain (A)

Time (s)
Figure 15. Current Balance Result with Symmetric PCB Layout
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4.2 Practical Design Example of Type2 Common-N DCR Current Sensing (Good Layout vs. Bad Layout)

In this section, there are two practical examples of PCB layout for RT8848A with Type2 common-N DCR current
sensing structure. Both of these two examples adopt the same current balance gain setup (default). The PCB trace
impedance from inductor output node to GPU loading point are simulated and shown in

Table 8 and Table 9. The thermal balance results of each rail are also measured and recorded in

TABLE 8 and Table 9. The test conditions are ViN = 12V, Vour = 0.8V, fsw = 300kHz, lout = 120A and Ta = 25°C.
The layout comparison between these two examples are shown in Figure 16 for bad layout and Figure 17 for good
layout. It should be noticed that only power stage (DrMOS + Power Inductor + Output Caps.) layout are presented to
reduce the layout picture size. The controller is placed away from power stage to avoid noise couple. Besides, it can
be observed that the one with good layout has very symmetric output trace routing from inductor output node to GPU
loading point. The current flow route of each phase is designed not to overlap another phase’s current route. This
can help to prevent Rpce unbalance when there is output current on the PCB trace. On the other hand, the one with
bad layout has relatively non-symmetric output trace routing from inductor output node to GPU loading point. It should
be noticed that the GPU socket has been removed on EVB and the real GPU sensing point is as shown on layout.
Besides, the current flow route of each phase also overlaps between each other. This makes Rpcg become much
more unbalance during actual loading condition. Therefore, not only current is unbalance but also the thermal balance
is much worse. In a result, the Rpce layout routing has significant effect on current balance result for a common-N
type DCR current sensing structure.

Table 8. PDN Design Value of Bad Layout and Thermal Balance Result

PH1 PH2 PH3 PH4 PH5 PH6 PH7 PH8

Rpce (MQ) 0.8 0.79 0.87 0.97 111 1.26 1.41 1.58
Case Temp.

of DIMOS (°C) 100.2 86.4 70.3 57.9 52.8 46.9 43.7 42.2

Table 9. PDN Design Value of Good Layout and Thermal Balance Result

PH1 PH2 PH3 PH4 PH5 PH6 PH7 PH8

Rpce (MQ) 0.55 0.53 0.56 0.55 0.55 0.56 0.53 0.59
Case Temp.

of DIMOS (°C) 64.4 63.4 61.7 62.1 62 61.4 63.9 63.4

Output current flow direction >

GPU
GPU loading point

Figure 16. Power Stage Layout Diagram of RT8848A with Bad Layout
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Output current flow direction

N2~

Figure 17. Power Stage Layout Diagram of RT8848A with Good Layout

4.3 Practical Design Example of Type2 & Type3 Common-N DCR Current Sensing

In this section, we will compare the current balance performance of RT8843A controller with Type2 and Type3
connection. The RT8843A is a 3 phase multi-phase synchronous Buck controller which is optimized for high
performance graphic microprocessor and support Nvidia OVR3i+ specification. As shown in Figure 20(a), the
RT8843A has three operating phases, and the current flows from right to left on the EVB board. The location of phase
3 is furthest away from VOUT loading point and the location of phase 1 is closest to VOUT loading point. It should
be noticed that the GPU socket on EVB are disconnected, and the real GPU remoting point are as shown in Figure
20(b). Therefore, the PDN values increase gradually from phase 1 to phase 3. The experiment utilizes two different
types of common-N DCR current sensing structure to compare the current balance performance. When RT8843A
applies with Type2 connection as shown in Figure 18, the Rx, Cx, Rn and Cn values are designed according to
equation (15) and equation (34) in previous chapters. On the other hand, when RT8843A applies with Type3
connection as shown in Figure 19, the Rx, Cx, Rm, Rn and Cn values are designed according to equation (23) and
equation (34) in previous chapters. It should be noticed that the Rm value is equal to Rx for properly PCB effect
cancellation and there are total 2 x 3 = 6 pcs additional Rm resistors in connection between each phase’s Cx and
inductor output node. Moreover, the equivalent DCR value is reduced to 1/3 times due to Type3 connection. The test
condition for both Type2 and Type3 connections are the same, VIN is set as 12V and the VOUT is 0.8V. The output
load current is continuous 90A. After loading for more than 10 minutes, measuring the inductor current of each phase
and case temperature of DrMOS as well. Due to RT8843A doesn't support adjustable current balance gain, the
experiments are executed with the fixed current balance gain. The test results for Type2 and Type3 are summarized
in Table 10. It can be observed that the deviation of current for Type2 is around 24.7% and the deviation of current
for Type3 is only 3.4%. From the test result, the Type3 performs outstanding current balance performance as
compared to Type2. Although the current signal of Type3 has been degraded to 1/3 times, the RT8843A with Type3
can achieve better current balance than with Type2. It's all credited to Type3 has good Rpcg cancellation result.
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Figure 18. Simplified Application Circuit for RT8843A with Type2 DCR Current Sensing Network
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Figure 19. Simplified Application Circuit for RT8843A with Type3 DCR Current Sensing Network
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Table 10. Current and Thermal Balance Result of RT8843A

Current Result (A) Temperature Result (°C)
PH1 PH2 PH3 PH1 PH2 PH3
Type2 33.9 29.5 26.5 125.6 101.2 86.4
Type3 304 30.2 294 101.5 100.8 96.5

Direction

Figure 20. Current Flow of RT8843A (a) EVB (b) Layout

4.4 Practical Design Example of Remoting Type Common-N DCR Current Sensing

In this section, a simulation design example with remoting type of common-N DCR current sensing is presented. In
this example, the RT8848A with 8 phase operation is selected to apply with remoting connection. The PDN values
are assumed to be as worse as shown in Table 2. Therefore, we need to add additional Rd resistor in parallel with
Cx to compensate the Rpcp effect. First, due to phase 5 has the smallest Rpcg value, it will be the reference value
to design the other phases’ Rd value. The final design values of Rd for each phase are calculated by equation (32)
and equation (33) and summarized in Table 11. As shown in Figure 21, the inductor current of each phase are almost
the same at different output load current conditions. Due to the Rpca effect is cancelled by properly designing the Rd
value, the correct amplitude and shape of inductor current can be sensed across Cx. Then, the RT8848A will control
the PWM of each phase to balance the current according to feedback signal. However, in practical hardware
implementation, the Rpcg value may be different at different load condition due to different current density on PCB
trace. Therefore, the current balance result may be worse than simulation result if Rpcg values are not accurate. In
a result, in order to achieve good current balance result and eliminate Rpcg effect, the final value may be necessary
to be fine tuned according to practical current measurement. The inductor current of each phase can be estimated
by measuring the differential voltage across power inductor with a voltage meter (such as DMM4050). It should be
noticed that the measurement result is equal to inductor average current multiplies DCR value. Moreover, due to
Rpce has been considered into current sensing feedback, it would be hard to implement thermal compensation for
the DCR parameters of each phase.

Table 11. Design Value of Rd for Rpcg Cancellation

PH1 PH2 PH3 PH4 PH5 PH6 PH7 PH8

Rpca (MQ) 1.441 1.401 1.399 1.406 0.269 0.378 0.426 0.472

Rd (kQ) 1.877 1.943 1.947 1.935 Open 20.18 14.01 10.84
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Time (s)
Figure 21. Current Balance Result with Remoting Cancellation

5. Conclusion

In this application note, total of four types of DCR current sensing circuit for common-N application are introduced.
We have derived the PCB effect on each type of DCR current sensing method.

For Typel method, the PCB effect induces both DC offset and AC offset on current feedback signal. The AC offset
distorts the inductor current shape and make controller unable to detect the original current signal. Besides, the DC
offset makes average inductor current not proportional to DCR value. Both DC and AC offsets are severe problem to
current balance control. It affects not only current balance result but also the protection functions such as OCP.
Therefore, Typel is not recommended for practical application.

For Type2 method, the hardware connection is similar to Typel, but the Rn location is different. By changing the
location of Rn, the AC offset, which is generated from PCB effect, can be filtered out by Rx and Cx low pass filter.
However, the inductor current signal still has DC offset. The DC offset value is related to Recs value. The design
guide and practical example are given in section 4-1. For some application with relatively symmetric layout, the Recs
effect can be compensated by adjusting the current balance gain of controller. It should be noticed that the final
performance of current balance depends on the design margin of current balance gain and deviation of Rece.

On the other hand, for Type3 method, this method requires additional resistors to be connected with Cx and each
phase’s inductor output node to compensate the PCB effect. From the practical example in section 4-3, the results
perform the current balance with Type3 is much better than the result with Type2. It's credited to Type3 has good
Rece cancellation result. Nevertheless, there are two drawbacks for Type3, the first one is the additional components
required to connect with each phase, and the second one is the attenuation of the DCR sense value, which may also
reduce the accuracy of current signal. Generally speaking, the Type3 is more suitable for the application with less
than 4 phase.
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Finally, for the remoting type method, the additional Rd in parallel with Cx capacitor can effectively cancel the PCB
effect. The practical example, which is shown in section 4-4, shows the current balance result of RT8848A with
remoting method. Although it seems the current balance is good in simulation result, the key point is the correct value
of Rpca. In order to achieve the good current balance performance, the design value of Rd may require some fine-
tune processes.

In a result, the design of current sensing with DCR common-N connection is relatively hard as compared to differential
type of DCR current sensing in multi-phase applications. It requires more attention and efforts on PCB layout at the
beginning of system design. Although there are many methods to compensate the PCB effect in practical application,
there is still a bottleneck for each method. Starting with a good PCB layout is the shortest route to achieve good
current balance in common-N type applications. Besides, for some applications which require high current sensing
accuracy for current reporting of each phase, the differential DCR type might be a better choice than common-N DCR
type. However, if common-N DCR type is selected, the user can choose a suitable method to design their application
circuit based on the comparison table as shown in Table 12.

Table 12. Comparison Table of Different Connection Types for Common-N DCR Application

DCR Circuit Type Strength ‘ Weakness
Typel NA 1. AC and DC offset
(Not recommended) 2. Require current balance gain to compensate
1. DC offset
Type2 Less components . .
2. Require current balance gain to compensate
1. Require additional N x (N-1) pcs Rm resistors
1. No DC offset . .
) 2. Current sensing gain reduces to 1/N * DCR
Type3 2. Suitable for low phase count L .
3. Vcs,ofs_comp becomes crucial if 1/N * DCR is too
(<4phase) !
small.
1. Require additional Rd to compensate Rpci
Remoting Type No DC offset 2. Need to fine-tune Rd in practical application
3. Hard to measure accurate Rpcg values

6. Reference

[1] ANO37, Comparison of DCR Current Sense Topologies.
[2] ANO26, DCR Temperature Compensation
[3] RT8848A/B Datasheet

[4] RT8843A Datasheet

ANO67 © 2021 Richtek Technology Corporation 24



RICHTEK How PCB Mismatch Affects Common-N DCR

Current Sensing in Multi-phase Applications

Richtek Newsletter Subscribe Richtek Newsletter

Richtek Technology Corporation

14F, No. 8, Tai Yuen 1st Street, Chupei City
Hsinchu, Taiwan, R.O.C.

Tel: 886-3-5526789

Richtek products are sold by description only. Richtek reserves the right to change the circuitry and/or specifications without notice at any time. Customers should
obtain the latest relevant information and data sheets before placing orders and should verify that such information is current and complete. Richtek cannot assume
responsibility for use of any circuitry other than circuitry entirely embodied in a Richtek product. Information furnished by Richtek is believed to be accurate and reliable.
However, no responsibility is assumed by Richtek or its subsidiaries for its use; nor for any infringements of patents or other rights of third parties which may result
from its use. No license is granted by implication or otherwise under any patent or patent rights of Richtek or its subsidiaries.

ANO67 © 2021 Richtek Technology Corporation 25


http://www.richtek.com/My%20Richtek/Newsletters

	Abstract
	Table of Contents
	1. Introduction to DCR Current Sensing Network
	2. Analysis of Different Types of Common-N Structure
	3. Design Consideration for Rn
	4. Case Study and Design Tips
	5. Conclusion
	6. Reference

