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ARTICLE INFO ABSTRACT
Keywords: A dual-loop CDR (Clock and Data Recovery) is presented to recover digital data from 1 to 6.5 Gbps. The
CDR presented frequency acquisition technique is based on full rate clock architecture. By utilizing modified Digital

Coarse-fine Tuning
Jitter

Lock-in range
DQFD

Quadri-correlator Frequency Detector (DQFD) and Frequency Increment/Decrement Control circuit, the lock-in
range is improved. Furthermore, the issue of state loss during wide frequency range detection is successfully
mitigated. The inclusion of two control wires in the Coarse-fine Tuning VCO enables the utilization of separate

loop filters in the dual loops, resulting in a more effective reduction of noise and jitter. Utilizing a 40-nm CMOS
process, the presented CDR design has been implemented. The post-layout simulation results at 6.5 Gbps shows
a P2P and root-mean-square jitter values are 17.1 ps and 5.79 ps, respectively, for the retimed data.

1. Introduction

Within a communication system, the clock signal needs to be ac-
quired from the data stream at the receiver side. The acquisition of
the clock is greatly facilitated by the CDR (Clock and Data Recov-
ery) circuit [1-5]. To fulfil the diverse data rate requirements, CDR
circuits must have a broad lock-in range. Additionally, achieving high-
quality communication necessitates low jitter. The implementation of
dual-loop control is well adopted in CDR circuits due to its simplic-
ity [1-4,6-10]. A conventional PLL (Phase-locked loop) based dual-loop
CDR mechanism is depicted in Fig. 1. The frequency acquisition loop
employs the Frequency Detector to carry out frequency comparison,
while the PLL utilizes the Phase Detector to achieve phase locking. The
Frequency Detector enables a frequency comparison between the input
Data, and the output clock of the voltage-controlled oscillator (VCO),
removing the need for an external reference frequency. In the event of
CDR startup or loss of phase lock, the Frequency Detector is triggered to
generate a control voltage using the Charge Pump and the Loop Filter,
thereby shifting the VCO oscillation frequency towards the input data
rate. Once the frequency difference falls within the capture range of the
phase tracking loop, the Phase Detector takes charge and facilitates the
phase locking of the VCO output clock with the input data phase.

The challenge linked to the CDR architecture of Fig. 1 involves the
possibility of interference between the phase lock loop and frequency
acquisition loop during the transition of control from the Frequency
Detector to the Phase Detector. This interference could lead to a failure
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to lock into the target phase [5]. By merging the two control signals
from the dual-loop system into a unified signal for the VCO through a
common loop filter, there is a risk of interference and unwanted glitches
occurring in the control signal when the system is locked. This will
cause an increase in jitter and lock-in time [2-4,6,7]. Digital Quadri-
correlator Frequency Detector (DQFD) offers a solution to the CDR in
dual-loop controlling by avoiding the generation of control pulses in
the locked state [4,6,7,11]. Nevertheless, the operational state may be
compromised when there is a significant frequency difference, resulting
in a restricted lock-in range [12].

Many high-speed CDRs were reported, e.g., an unrestricted fre-
quency acquisition based reference-less CDR [3] using counter, a
reference-less CDR [4] using UP pulse selector, a reference-less CDR [7]
with a modified coarse frequency detector, a PLL-based CDR [13],
a multiplying delay-locked-loop-based CDR [14], the utilization of
DQFD and unbound frequency detection techniques brings forth a
CDR design [15], a multi-phase oversampling is used in the frequency
acquisition scheme of a reference-less CDR [16], background loop gain
controller based CDR [17], and a reference-less CDR [9]. All of these
designs suffer a very limited lock-in range.

High P2P jitter is the backdrop with the several recent referenceless
CDR circuits [3,8-10,17,18]. Certain other reports addressed the CDR
specialized for the LCD panels [13], and for embedded display port [8].

In an effort to resolve the issues highlighted, this investigation
recommends the implementation of our novel contributions: the Mod-
ified DQFD and the Frequency Increment/Decrement Control circuit
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Fig. 1. The conventional PLL based dual-loop CDR mechanism [1].

to extend the lock-in range. Moreover, the Coarse-Fine Tuning VCO
is employed to prevent interference from dual loops and minimize
jitter. The lock-in range in simulated results spans from 1 to 6.5 Gbps,
showcasing P2P jitter of 17.1 ps and root-mean-square jitter of 5.79 ps.
The presented reference-less dual-loop CDR architecture, along with
the circuit description is made in Section 2. The all-PVT-corner (Pro-
cess, Voltage, Temperature) results are shown in Section 3 and the
conclusion is presented in Section 4.

2. Proposed architecture

In Fig. 2, the proposed CDR architecture is illustrated. This circuit
is designed to have a low jitter and wide lock-in range. It consists
of various components, including a Phase Detector [5], a Hysteresis
Lock Detector [19], two Charge Pump circuits, a Coarse-Fine Tuning
VCO, LF-1 and LF-2 as two off-chip Loop Filters, and a Buffer. Our
novel contributions include a Frequency Increment/Decrement Control
circuit, and a Modified DQFD.

The phase lock loop and frequency acquisition loop constitute the
advised reference-less CDR circuit. For dual loop detection, two digital
quadrature signals, CKQ and CKI are generated by the VCO. When there
is a significant initial frequency deviation between input DATA and
CKI, the Hysteresis Lock Detector’s output (LOCK) is logic 0, which
disables the phase lock loop and triggers the frequency acquisition loop.
Then, the frequency difference between DATA and CKI is detected by
the Frequency Increment/Decrement Control Circuit and produces the
signal U/D, to further indicate the VCO to vary the frequency. During
this state, the comparison result of DATA and CKI, directly produces
the two control signals, FDpowy and FDyp.

Once the VCO frequency closely matches the DATA frequency, the
LOCK signal is set to logic 1, allowing the CDR to operate simultane-
ously with the Modified DQFD and the Phase Detector. In this situation,
the coarse control signal for the VCO, Vcgarsgs is produced by the
Charge Pump 2 and the Modified DQFD. Vg, the fine control signal, is
generated by the Phase Detector and Charge Pump 1. The VCO receives
coarse and fine tuning control signals separately to achieve accurate
frequency as well as phase for the in-phase output (CKI) and quadrature
output (CKQ). Finally, the output buffer will be driven by the CKI, to
improve driving capability for heavy loads of 20 pF.

2.1. Phase detector

Fig. 3 presents the Phase Detector in Fig. 2, which is based on
Alexander phase detector. The circuit uses three consecutive time edges
to sample DATA three times to determine whether the data transition
exists and whether the CKI generated by the VCO is leading or lagging.
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DFF,, and DFF,, sample their inputs on the positive edge of CKI
to generate Sy;; and S;, respectively. DFF,; samples their input on the
negative edge of CKI, and DFF,, delays the result by half a cycle to
generate Sy;. If the input data has no transition, the three samples S,
Si» and Sy are equal and no action will be taken. If CKI is leading
(Lead), then, the first sample S; will not be equal to Sy; and Sy;. If CKI
is lagging (Lag), then, the first and second samples S; and S;; will be
equal but not equal to S, as shown in Fig. 4.

In summary, the sampling point is determined by DFF,; and DFF,;,
while DFF,, and DFF,, are only used as delay elements. The purpose is
to delay the sampling value of this cycle to the output of the next cycle
so that S;, Sy;, and Sy; of each cycle can maintain a constant value to
make XOR gate produce effective output at the same time. When the
data does not transition, a DC zero output will be produced so that the
control of the oscillator is not disturbed.

In addition, to avoid interference from Phase Detector during fre-
quency acquisition, the oscillation frequency of the VCO will first be
made closer to the data frequency. When the two frequencies are close,
the hysteresis lock detector’s output LOCK will be logic 1 to complete
the phase detection.

2.2. Hysteresis lock detector

A lock detector plays an important role in a dual-loop CDR circuit,
mainly used for switching between the phase lock loop and the fre-
quency acquisition loop. Generally, it is desirable to have a smaller
frequency error in the frequency acquisition loop, i.e., the frequency
acquisition loop will monitor the frequency of the VCO closer to the
operating frequency to help shorten the overall lock time. A phase
lock loop would like to have a larger frequency error to prevent the
phase-locked loop from cutting back to the frequency acquisition loop
during the recovery time. It can be seen that a lock detector with
hysteresis needs a smaller frequency error when switching from a
frequency acquisition loop to a phase-locked loop (In-lock Condition),
and vice versa, which needs a larger frequency error when switching
from a phase-locked loop to a frequency acquisition loop (Out-of-lock
Condition). Compared to conventional lock detectors, this Hysteresis
Lock Detector has two frequency error ranges and can be used in two
different conditions.

Fig. 5 presents the Hysteresis Lock Detector in Fig. 2. The elements
in Hysteresis Lock Detector circuit are composed of counter, D Flip-
flops (DFF), and many basic logic gates. The counter serves the essential
function of keeping track of the cycle count for both the DATA and
the CKI, respectively. The circuitry for decision logic, depicted at the
bottom of Fig. 5, assists in determining the lock status of the frequency.

In the In-lock condition, the two M-bit counters are triggered by
DATA and CKI to start counting. During this In-lock condition, if either
counter reaches 2M~! + 1 and the other is still less than 2M-!, then the
intermediate signal, C, will have the logic 1 value. The VCO frequency
is still outside the error range. The reset signal R,, will occur and reset
the counter and generate a pulse to trigger the DFF to get a low level
LOCK signal. The procedure will persist untill the other counter reaches
a value that is greater than or equal to 2M~!. The timing diagrams of In-
lock condition are shown in Fig. 6. During Out-of-lock condition, when
LOCK = 1, the pass transistor logic will increase the number of cycles
to be compared from 2M~1 + 1 to 2M~! + 2K here K is an integer. In the
Out-of-lock condition, the increase in the number of cycles will make
the frequency error more. The timing diagrams of Out-of-lock condition
are shown in Fig. 7.

During In-lock condition, the logic circuit compares the cycle num-
bers 2M~! +1 and 2M-!. For the LOCK signal, to get logic 1, the
oscillation frequency of the VCO must meet the following conditions:

@M+ 1) Tpapa 2 2M71 - Ty, and
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Fig. 5. Hysteresis Lock Detector [19].

After re-organizing the above Eq. (1), the range of frequency for the
VCO during In-lock condition can be obtained as follows:

M- M4
™MLl “foara < fyco < NI “foata &)
In order to change the In-lock condition to Out-of-lock condition, the
cycle number will be relatively 2M~! + 2K, Therefore, the frequency
range becomes larger and the range is derived as follows:

2M71

2M-1 4 2K

oM-1 4 oK

“foara <fveo = =77 “foata 3

2.3. Frequency increment/decrement control circuit

The Frequency Increment/Decrement Control Circuit in Fig. 2 is as
shown in Fig. 8. The CKI/2 signal frequency is obtained by dividing
the CKI signal by 2. The two 5-bit counters rely on CKI and DATA
as their clock sources. The variation in frequency between the CKI
and DATA signals leads to distinct outputs from the counters. Hence,
the utilization of counter;’s output, Q3, and counter,’s output, A3,
enables the detection of the faster frequency. As seen in Fig. 9(a),
A3 would lead Q3 when DATA is faster than CKI, causing U/D to
equal logic 1. This would raise the output frequency of the VCO. As
seen in Fig. 9(b), Q3 would lead A3 when DATA is slower than CKI,
causing U/D to equal logic 0. This would reduce the output frequency

of the VCO. Q4 is included for comparison to address the initial large
frequency difference between CKI and DATA. The RESET signal for the
two counters, U/D_rst is generated by the DFFs,.

2.4. Modified DQFD

The circuit diagram of the Modified DQFD in Fig. 2 is depicted
in Fig. 10. The traditional DQFD [11] is shown in the bottom of
Fig. 10. Using a delay cell and a logical XOR gate, the edge of the
DATA will be detected. Quadrature clock signal (CKQ), and CKI will
be compared with the falling edge of DATA. This comparison enables
the identification of the DQFD’s four operating states: state 1, 2, 3, and
4. These states correspond to the values of CKI and CKQ, which are
00, 01, 11, and 10, respectively. These states will be changes as from
1 - 2 — 3 — 4, if DATA is ahead of VCO, as shown in Fig. 11. If VCO
is ahead of DATA, then the states will change as, 4 - 3 - 2 — 1.
As the input DATA and VCO frequencies CKI and CKQ change, the
states will change accordingly. Using the output values of Shift Register,
namely, A, B, C, and D, also with the complements of these, the two
control signals FDyp and FDpowy Will be generated. Nevertheless, it is
important to note that the operational state may be compromised in
scenarios where frequency difference is high. To overcome this issue,
an assistant circuit becomes necessary. When LOCK is logic 0, denotes
the high frequency difference between CKI (CKQ) and DATA. In this
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scenario, the choice of the control signal is made directly from the DIFF.
When LOCK is logic 1, denotes the low frequency difference and the
mentioned state loss issue would not take place. As a result, the output
control signals, FDyp and FDpowy, can be assigned to UP; and DNy,
respectively.

Since this circuit operates at high frequency, DFF of current-mode
logic (CML) is used to complete this design [20], as shown in Fig. 12.
This CML DFF adopts the fold-cascode architecture. Compared with
the traditional architecture, the number of stacked transistor layers is
smaller and is more suitable for operation in low voltage environments.
This CML DFF consists of two current mode D-type latches. The differ-
ential pair Mpgy-Mpgg, copies the current Igg to the current mirrors
Mpogo9-Mnoio and Mpyg;;-Mygj2 to control each latch in the sampling
or storage mode. The Mygo, and Myg;,, use the above two current
mirrors to realize the additional output of the clock current steering
differential pair. When CLK is at high potential, Igg will be mirrored to
the pairs Mygy;-Myogz and Mygps-Mygge- At this time, the potential of
the Y point is equal to VDD-Iss x R1, and Mygg3-Myggs are turned off.
When CLK is at low level, it switches to the storage mode. The input
data differential pair Mygg;-Mygg, loses its function due to no current,
and the interleaved coupling pair Mygy3-Mygos Starts to operate so that
the data is stored. M;,,; and My;,., are mainly used to make the V, of
Myoo9; Mog10, Moi1> Mogiz; Mygign and Mygyy, to be equal to reduce
the influence of channel modulation effect and improve the accuracy
of the current mirror.

2.5. Charge pump and loop filter

Neither a phase detector nor a frequency detector can provide an
accurate voltage signal that is proportional to the phase difference (or

Table 1
Input and output signals of charge pump 1, 2.

Input Signals Output Signal

Circuit

CPyp CPpown CPour
Charge Pump 1 PDyp PDpown Ve
Charge Pump 2 FDyp FDpown Veoarse

frequency difference) of the input signal. The charge pump provides
a digital signal that is converted to a current signal, proportional to
the input signal’s phase difference (or frequency difference). The loop
filter converts the current signal into a voltage signal and filters out the
high-frequency noise by the design of the loop bandwidth.

Fig. 13 presents circuit diagram of Charge Pump 1 and Charge Pump
2 in Fig. 2. The input and output signals of Charge Pump 1 and Charge
Pump 2 circuits are tabulated in Table 1. Due to the fixed bias current,
lower power noise is generated. A differential architecture is used
to improve layout matching. Due to the difference in characteristics
between PMOS and NMOS, the switching time between UP and DN
signals will be different. To avoid the difference in switching time, a
single-ended to double-ended circuit is added to compensate for the
delay time, which is depicted in Fig. 14.

The Charge Pump 1 will charge and discharge the control voltage
Vengs but the control voltage has a great impact on the oscillation
frequency of the voltage controlled oscillator such that a loop filter
is needed to filter out high-frequency noise and stabilize the control
voltage.

Fig. 15 represents the phase lock loop and the corresponding trans-
fer functions [21]. In the design, C, is a large capacitor, while R,, used
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to monitor voltage changes, and C,;, a small capacitor, are used to filter
out surges generated after charging and discharging. After considering
the stability and calculating the transfer function, the following formula
is obtained [22]:

Cl = Kpp X Kyco « 1+ (w.7,)? i @
! w2 L+ (07?7,
T.
C=C - (£-1D 5)
%
T.
Ry == (6)

G

Kpp is the gain of the phase detector and charge pump, Ky is the gain
of the VCO, w, is the loop bandwidth, wggr which is usually designed

to be 1/20 ~ 1/40, and w, and w, are the zero and pole positions of
the loop filter, which can be derived from the phase margin, which is
usually designed to be 60°. This results in C;= 375 fF, C, = 4.84 pF,
and R; = 3.85 KQ.

2.6. Coarse-fine tuning VCO

Fig. 16 presents the circuit diagram of Coarse-Fine Tuning VCO in
Fig. 2. It is composed of four Differential Input Differential Output
(DIDO) delay cell blocks (D1-D4) [23]. To generate the quadrature
clock signals, CKI and CKQ, two D to S Converters (Differential to
Single-ended) are employed. Voltage controlled Coarse-Fine Tuning
VCO contains two frequency modulation methods. One is a coarse-
tuning mechanism, which has a large frequency modulation range, and
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the oscillation frequency is controlled by varying the gate voltage of
MN,,o7, @ frequency acquisition loop. The other one is a fine-tuning
mechanism, which has a smaller frequency modulation range and is
fine-tuned by a phase-locked loop, where the oscillation frequency is
controlled varying the gate voltage of MN;,qs. The DIDO delay cell is
driven by MN,,,s to provide the necessary tail current for ensuring the
desired free running frequency. When the Vpy increases, Ip g6 in-
creases, and the small signal resistance -2/gm of the cross-coupled pair
Mpy1203-Mn1204 becomes larger, thus reducing the oscillation frequency.
To ensure that the current flowing through Mp;,0,-Mp;54 is balanced,

the variation of I, in MN|, is opposite to the variation of I, in MN| 5.
Consequently, the Phase Bias circuit is employed to produce the finely
adjusted voltage, Vgy, with an inverse amplitude relative to Vgg, as
depicted in Fig. 17.

Since the output voltage of this oscillator is not at full swing, a D
to S Converter circuit needs to be added at the output end to convert
it into a full-swing digital signal so that the digital circuit can operate
normally. The circuit is shown in Fig. 18. This circuit uses two sets of
differential amplifiers to amplify the two inputs individually, and then
amplifies them with a common source amplifier composed of transistor
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Mp, 405 and transistor Mp,49¢. It can produce nearly 50% of the periodic
oscillation signal.

3. Implementation and verification
Using the 40 nm CMOS process, the proposed CDR design is im-

plemented. The chip layout is shown in Fig. 19. The area of the
core circuit is 90.04 x174.2 pm? and the area of complete design is

537.42 x537.585 ym? and for the 20 pF load capacitance, the power
consumption is 54.51 mW at 6.5 Gb/s from a 0.9 V supply. The Output
Buffer consumes 43.7 mW of power, which means 80.16% of total
power consumption. Modified DQFD consumes 3.62 mW, which means
6.64% of total power consumption. Frequency Increment/Decrement
Control Circuit consumes 0.592 mW, which means 1.08% of total
power consumption. Hysteresis Lock Detector consumes 0.515 mW,
which means 0.94% of total power consumption.
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3.1. Functional simulations +100 ps) in the corner [TT, 25 °C, 0.9 V], is shown in Fig. 20. The
horizontal axis is the normalized frequency difference, and the vertical
The Hysteresis Lock Detector, Modified DQFD, and Frequency Incre- axis is the average and subtraction of the rising frequency FDyp pulse
ment/Decrement Control Circuit are simulated firstly to verify the wide and the falling frequency FDpowy pulse to represent the charging and
locking range and fast locking function of this circuit and compared discharging of the Charge Pump. From the graph, we can see that inside
with the traditional digital correction frequency detector. For instance, the red line is the situation when the Hysteresis Lock Detector has
a DATA signal with frequency 3.57 GHz (period = 280 ps) compared reached “lock” (LOCK = 1). In this case the linearity of the digital
within the frequency range 2.63 ~ 5.56 GHz (period difference = frequency calibrator can still be maintained. Outside the red line is the
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Fig. 17. Circuit diagram of the Phase Bias.
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Fig. 18. D to S Converter.

situation where the Hysteresis Lock Detector is out of “lock” (LOCK =
0), which is different from the traditional digital calibrated frequency
detector, where there is a higher gain and there is no dead zone. Due
to the high gain, this design not only achieves a fast locking effect, but
also has a wider locking range than conventional digitally calibrated
frequency detectors.

3.2. Performance analysis and comparison

Fig. 21 shows the results of the presented full-rate CDR circuit
simulated at 2 GHz with [SS, SF, TT, FS, FF] x [-10% of VDD, VDD,
+10% of VDD] x [0 °C, 25 °C, 75 °C] corners, and confirms that the
circuit can be locked at all corners in 180 ns. The Vgarsg is Varying
from 0.27 V to 0.55 V and Vg is varying from 0.4 V to 0.52 V for all
PVT corners.

Fig. 22 shows the result of input signal Fy,po = 6.5 GHz locked at
the corner [TT, 25 °C, 0.9 V]. The frequency is locked by the CDR,
when LOCK signal becomes logic 1 and the signal V-garsg becomes
stable. The phase lock loop starts to work and the phase is adjusted by
the control signals PDyp, PDpown, and Veg-

Fig. 23 shows the simulation results of input signal F,r, at 1 GHz,
1.67 GHz, 3 GHz, 3.5 GHz, 4 GHz, 5 GHz at the corner [TT, 25 °C,
0.9 V].

The circuit is added with PRBS7 to complete the eye diagram
simulation. Fig. 24 shows the simulation result of Fy,po = 6.5 Gbps
at [TT, 25 °C, 0.9 V], Fig. 25(a) shows the eye diagram of the restored
clock at [TT, 25 °C, 0.9 V], with F,ro = 6.5 Gbps, and Fig. 25(b) shows
the eye diagram of the restored data at [TT, 25 °C, 0.9 V], with Fpara
= 6.5 Gbps.

A comparison of the proposed design with various recent CDR
works is presented in Table 2. An FOM is defined in Eq. (7). The
findings demonstrate that our design outperforms all other CDR works
in terms of wide lock-in range and Figure of Merit (FOM) from 2016
to 2023. Moreover, our CDR design showcases the minimum jitter (UI).
Furthermore, Fig. 26 illustrates the technology roadmap of CDR circuits
in recent years [3,8-10,13-18,24].

Lock—in range (Gb/s)
P2P jitter (UI)

FOM (Gb/s) = )

4. Conclusion
The referenceless dual-loop 1 Gbps to 6.5 Gbps CDR circuit is
designed and implemented using 40 nm CMOS process and presented in

this investigation. A modified DQFD, Frequency Increment/Decrement

10
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Fig. 19. Layout of the proposed CDR.
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Fig. 20. Frequency Detector Conversion Curve.

Control circuit, Coarse-fine tuning VCO are included in this proposed Data availability
CDR. Through all-PVT-corner post-layout simulation results, the pro-
posed scheme achieved the wide capture range and a low RMS jitter of Data will be made available on request.

5.79 ps for the retimed data.
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Table 2
Performance comparison with several prior works.
Parameter [14] [15] [16] [3] [18] [10] Ours
Year 2016 2017 2018 2020 2021 2022 2024
Publication NEWCAS TCAS-II JSSC TCAS-II TCAS-1 TCAS-1 MEJ
Verification Meas. Simul. Meas. Meas. Meas. Meas. Simul.
Process (mm) 40 180 65 180 40 40 40
Supply voltage (V) 0.9 1.9 1.3 1.8 1.2 0.9 0.9
Data rate (Gb/s) 2.6 ~ 6.4 03~ 4 6.7 ~11.2 0.42 ~ 3.45 10.432 ~ 16 6.15 ~ 10.9 1~65
Lock-in range
(Gby/s) 3.8 3.7 4.5 3.03 5.5 4.55 5.5
P2P jitter (ps) 13.25 83.6 13.7 29.8 61 24 17.1
] P at 6 Gbps at 4 Gbps at 10 Gbps at 3.45 Gbps at 16 Gbps at 10 Gbps at 6.5 Gbps
P2P jitter (UI) 0.0795 0.334 0.137 0.102 0.976 0.24 0.111
RMS jitter (ps) 1.6 12.4 13.7 4.33 7.1 4.7 5.79
J P at 6 Gbps at 4 Gbps at 10 Gbps at 3.45 Gbps at 16 Gbps at 10 Gbps at 6.5 Gbps
Area (mm?) N.A. 0.162 0.99 0.442 N.A. 0.347 0.289
Power (mW) 1.8 71 22.5 20.3 39.9 5.8 54.51
at 6 Gbps at 4 Gbps at 10 Gbps at 3.45 Gbps at 16 Gbps at 10 Gbps at 6.5 Gbps
Power efficiency [3] 8.39
(mW/Gb/s) 0.3 17.75 2.25 5.88 2.49 0.58 (1.66)°
FOM (Gb/s) 47.79 11.06 32.84 29.47 5.63 18.95 49.48

2 By excluding Output Buffer power consumption.
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